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< SUMMARY >

Purpose &
Contents

B A goal of this research is to develop quantitatively verifiable
soundness index as to soundness of weld joints that considering
fatigue and residual stress.

B The yearly research goal is summarized as fol lows:

- 1st year : Development of technique of obtaining mechanical
property and microstructure in structural steel using
nanoindentation

- 2nd year : Development of quantitative soundness index of weld
joints and microstructure based on fatigue and residual
stress

The yearly research contents are summarized as fol lows:

B Recognition technique of microstructure composition in structural
steel weld zone using nanoindentation
- Research of previous nanoindentation analysis method
- Benchmarking of microstructure analysis method of ceramic

Application of structural steel weld zone
- Elicitation of composition of microstructure

Result verification based on the chemical composition analysis and
photographs of SEM

B Elicitation techniques of elastic modulus, yield stress, hardening
index of structural steel weld zone using nanoindentation

Research of previous nanoindentation analysis method

Benchmarking of technique by FEM and dimensional analysis

FEM and dimensional analysis for structural steel : Decision of

calculation formula

Decision of yield stress and hardening index

Verification of formular as compared with results of tensile test

B (Change of characteristics in structural steel microstructure by
residual stress
- Develope and verification of residual stress introduction system

Nanoindentation test : Elicitation of microstructure composition in
structural steel using residual stress

Decision of yield stress and hardening index

Result verification of previous research

Arrangement of relationship of mechanical property, microstructure
composition and residual stress

B Change of characteristics in structural steel microstructure based
on structural steel weld zone
- Fatigue test of SS400, SM490 structural material containing weld
zone




Nanoindentation test : Elicitation of microstructure composition in
weld zone based on fatigue test

Decision of yield stress and hardening index in weld zone based on
fatigue test

- Result verification based on tensile test

- Arrangement of relationships of mechanical property, microstructure
composition and fatigue

B Development of quantitative soundness index in weld joints
considering fatigue and residual stress
- Probabilistic analysis of nanoindentation test based on fatigue and
residual stress
- Decision of soundness index in weld zone considering fatigue and
residual stress

B 4 SCI| journal papers, 2 patent applications
v First year
- (Journal) Technique to grasp the microstructure component ratio of
welded part of structural steel by nano indentation
- (Journal) Derivation technique of the elastic modulus, vyield
stress, hardening accelerator of steel in nano indentation structure

Results v Second year
- (Patent, Journal) Characteristic change identification of steel
microstructure by residual stress of structural steel
- (Patent) Characteristi change identification of steel microstructure
in fatigue of structural steel weld
- (Journal) Development of quantitative soundness index of weld
connection considering fatigue and residual stress
B Technical contributions
- Decision of method to determine the elastic and plastic properties
in weld zone using nanotechnology
- Development of measurement technology of residual stress by
realizing change of characteristics in microstructure based on
residual stress of structural steel
- Development of measurement technology of weld zone fatigue by
realizing change of characteristics in microstructure based on
Expected

Contribution

fatigue stress of structural steel

- Development of non-destructive testing technology that can check
into soundness of weld joints

- Acquisition of accurate and resonable maintenance technology about
soundness of steel structure weld zone

W fconomic - Industrial contributions
- Economical safety evaluation of weld joints by developing
non-destructive testing equipment
- prevention of life and economic loss resulting from failure of

_7_



steel structure through effective soundness evaluation of weld
joints

- Exportation of equipment as developing non-destructive testing
equipment of steel structure weld zone using nanoindentation

, , Structural _ ,
Keywords Nanoindentation Weld Zone Stee| Microstructure Fatigue
ee
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71eF e #-dd =958 = 91, T 57, diW 4dow AL
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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
v = Device and method for optical nanoindentation 2008
measurement
Nanoindentation surface analysis method 2008
Nanoindenter tip for uniaxial tension and compression 007
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 vk 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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2 6509 gl o 2014 10009 @e7tA] Z71E Aoz oAt

Total Global Nanotechnology Funding

140000

y
cientifica

120000

100000 ——

60000
40000
- ' rr r

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011F 20128 2013F  2014E  2015E

a9 23, Y7l sk A AAe] Ak (Cientifica Ltd 2011)

Funding in USD milions

o 1ol A% NNI Signature Initiative WE S £ tpe7|s Hoke =W g4y &
BoL s A HAS A% ARAT T4V Frhshs FAloln], 20134 thes] %
of oher viF Ao T 1769 9l B vhesAY Fu) @ AsY Robrt 23%8
2} A 819 S

US - $1.76bn Federal Funding by Category - 2013

® Fundamental Phenomena and
Processes

® Nano Materials
m Nanoscale Devices and Systems

® Instrumentation, Research, Metrology
& Standards

m Nano Manufacturing

m Major Research Facilities and
Instrumentation Acquisitions

w Environmental, Health & Safety

w Education & Social Dimensions

a9 24, vl AR Ynv|E Fopd FExH]F [NNI (Nano.Gov Web Site)]

o UEAAE A 20019%E A27] 3817 &7]RAH (2001~2005K)e] o] A37] ¥
871471 BAE (2006~2010)2] A Bof F vz YwrES Agstn dFHq
FAEAS AN Y. AE GRe] UnrlEs B oS 20069 7629 Qo)A
20109 1,1289] o AT 10%X Zrlsden, ol 77 F v (81%)9]
b Z7HERT =2 39

o T A, 20129 % therlE ool tid AEEA F 28340 A T e £F
HoHFe VAl 29%, WA 21%, olu A3 15%, tevke] @ 11%E Al E
gov, B Aol ARe /e TP heF PS4 Boks 2% wF
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T3t A4 AyE 239 AR A BA A A AH
E* 4 4 3 E* i—1
S =000 diagn ta! ) o] ApAA A AA
gy i=1j=1k=1 C
. Qi
k9 =4 =3 =2 =1
1, 1) “1710E -1 1.629E +0 1.144F +2 “4574E +1
2, 1) 1.395E -2 ~1.195E -1 2.955E -1 ~1.643E -1
(3, 1) ~4231E -4 3.903E -3 ~9.428E -3 5243E -3
(1, 2) 9.940E +0 7973E +0 5240 +1 ~6.190E +1
(2, 2) ~1.193E +0 2573 +0 ~5962E +0 3.952E +0
(3, 2) 3.876E -2 ~1.429E -1 1.858E -1 ~5743E -2
(1, 3) ~1.196E +2 5.892F +2 ~9.072E +2 4656E +2
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(3, 3) ~3417E -1 1.631E +0 ~1.443E +0 2.175E -1
(1, 4) 1.981E +2 ~4190E +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
R’ 09717 0.9976 0.9934 0.9865
E 10. FretasEA A2y s AN d4 AF
S 4 04 E N\
— =) Dby e ln( : ) o] FHAA A AA
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1, 1) “6.197E -2 8.7766E -1 ~3.097E +0 6.085E +0
2, 1) 2.985E -5 ~7.846E -4 5723E -3 ~1.095E -2
(3, 1) ~4241E -6 8.032E -5 ~4539E 4 7676E -4
(1, 2) 9.840E -1 ~1477E +1 6.723E +1 ~9.676E +1
(2, 2) ~6.638E -2 9.160E -1 ~3.909E +0 5.367E +0
(3, 2) 1.877E -3 ~2.619E -2 1147E -1 ~1.630E -1
(1, 3) ~4.036E +0 6.074E +1 ~2.847E +2 4.24TE +2
(2, 3) 4241E -1 ~6.122E +0 2.797E +1 “4112E +1
(3, 3) ~1.324E -2 1.911E -1 ~8782F -1 1.301E +0
(1, 4) 4.871E +0 ~7309E +1 3.440E +2 ~5.160E +2
(2, 4) -5777E -1 8.394E +0 ~3.875E +1 5745E +1
(3, 4) 1.875E -2 ~2718E -1 1.257E +0 ~1.870E +0
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BT 15 R T3
Wt We S hm
(N.mm) (N.mm) (N/mm) (mm)

Test 1 0.10893 0.00417 1824.6 0.002018
Test 2 0.10657 0.00393 1864.4 0.002020
Test 3 0.10721 0.00391 1863.0 0.002033
Test 4 0.11595 0.00463 1879.3 0.002018
Test 5 0.11695 0.00473 1881.2 0.002013
Test 6 0.11121 0.00415 1938.6 0.002018
Test 7 0.09955 0.00337 1898.0 0.002021
Test 8 0.10948 0.00429 1820.9 0.002003
Test 9 0.12236 0.00515 1867.4 0.002023

sR = 117.3 MPa
Test 1 0.09480 0.00312 1867.0 0.002018
Test 2 0.98250 0.00396 1879.9 0.002022
Test 3 0.09996 0.00346 1863.9 0.002021
Test 4 0.96009 0.00360 1858.8 0.002021
Test 5 0.10418 0.00375 1875.8 0.002021
Test 6 0.09991 0.00355 1814.9 0.002022
Test 7 0.90999 0.00368 1859.1 0.002029
Test 8 0.99442 0.00410 1806.0 0.002015
Test 9 0.09120 0.00289 1869.1 0.002017

sR = 236.9 MPa

& 14. SS400 TFx8 ZAAY AFSH dEHAdA Yy 48 A3
Wt We S hm
(N.mm) (N.mm) (N/mm) (mm)
Test 1 0.13416 0.00587 1984.8 0.002018
Test 2 0.14567 0.00692 1969.7 0.002020
Test 3 0.12530 0.00492 2041.7 0.002033
Test 4 0.13997 0.00634 1992.6 0.002018
Test 5 0.12015 0.00468 20164 0.002013
Test 6 0.12825 0.00523 2047.0 0.002018
Test 7 0.11923 0.00445 2080.9 0.002021
Test 8 0.12040 0.00485 1961.3 0.002003
Test 9 0.14628 0.00686 2000.0 0.002023
(a) sR = 184.6 MPa

Test 1 0.11452 0.00423 2019.3 0.002018
Test 2 0.11083 0.00425 2041.7 0.002022
Test 3 0.11284 0.00403 2060.7 0.002021
Test 4 0.11716 0.00506 1991.8 0.002021
Test 5 0.10888 0.00381 2028.1 0.002021
Test 6 0.11899 0.00501 1953.4 0.002022
Test 7 0.11169 0.00422 2030.8 0.002029
Test 8 0.10290 0.00350 1978.3 0.002015
Test 9 0.11848 0.00452 2028.1 0.002017

sR = 311.5 MPa

¥ 15. SM490 T+x& Ao zHF-gE Aol A Y=g A7}



AFSHY nA TR FAREN, AR Az BA AY
SS400
o, % Op % % 9%
(MPa) err. sy (MPa) €IT. 0p " err. n . err. a
Test 1 2113 -135 % %O -190 % 0273 124 % 78 -203 %
Test 2 3065 23 % 1379 176 % 0274 128 % 94 -40 %
Test 3 2182 -113 % 1029 -123 % 02/0 112 % 93 50 %
Test 4 341.2 88 % 122.8 47 % 0.253 40 % 10.7 92 %
Test 5 3HBY 135 % 1139 -29 % 0.259 64 % 119 212 %
Test 6 A72 107 % 1215 36 % 0209 -138 % 109 110 %
Test 7 2805 -106 % 126.2 76 % 0232 44 % 95 -30%
Test 8 2887 80 % 924 -213 % 0216 136 % 86 -123 %
Test 9 336.6 73 % 131.3 119 % 0238 -20% 80 -180 %
Ave. 311.8 06 % 1160 -11 % 0.24 45 % 96 -24%
STDEV 31.7 15.2 0.024 1.3
COV= 10.1 % 13.0 % 10.0 % 13.3 %
(a) sR = 117.3 MPa
Test 1 2136 -128 % 197 -157 % 023% -32% 95 -30%
Test 2 3637 160 % 2946 244 % 0222 88 % 11.0 120 %
Test 3 2837 95 % 22098 -30% 0218 -104 % 77 210 %
Test 4 2982 49 % 1968 -169 % 0237 24 % 85 -130 %
Test 5 316.2 08 % 240.3 15 % 0229 -56 % 10.0 25 %
Test 6 2038 63 % 2032 153 % 0280 152 % 111 130 %
Test 7 3235 31 % 27149 161 % 0227 64 % 87 -11.0 %
Test 8 3299 5.2 % 2006 100 % 0.266 96 % 92 60 %
Test 9 2.8 -120 % 2207 69 % 0.245 08 % 114 160 %
Ave. 3065 -23% 2434 27 % 0240 -12 % 97 -12%
STDEV 287 33.3 0.020 12
COV=* 92 % 141 % 81 % 12.3 %
(b)  sR = 236.9 MPa
3 16. SS400 728 Ao bR nAlT R AR, ZIAA Ao A
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o, % Op % %
(MPa) err. sy (MPa) €IT. 0p " err. n a err. a
Test 1 4429 121 % 2209 224 % 0272 184 % 146 210 %
Test 2 4524 145 % 1945 54 % 0259 128 % 94 -220 %
Test 3 3920 08 % 1529 -172 % 026 112 % 139 150 %
Test 4 4356 102 % 180 -09 % 0.239 40 % 107 -116 %
Test 5 377 -19 % 193.9 5.0 % 0.245 6.4 % 129 70 %
Test 6 4356 102 % 2178 180 % 0214 68 % 13.2 90 %
Test 7 400.9 15 % 2085 129 % 0197 -144 % 12.6 40 %
Test 8 305 -113 % 1402 -241 % 02/0 1716 % 104 -140 %
Test 9 463 164 % 196.2 6.3 % 0226 -20% 100 -170 %
Ave. 417.1 55 % 190.3 31 % 0.242 52 % 120 -10 %
STDEV 40.3 336 0.027 1.8
COV= 102 % 182 % 11.8 % 146 %
(a) sR = 184.6 MPa
Test 1 63 13 % 2064 1777 % 0223 -32% 113 -70 %
Test 2 4103 38 % 2913 -65% 0210 88 % 12.7 5.0 %
Test 3 3R21 -33% 2637 -154 % 0206 -104 % 131 380 %
Test 4 416.7 54 % 3334 70 % 0224 24 % 1.1 80 %
Test 5 3600 -89 % 3024  -29 % 0217 56 % 12.2 1.0 %
Test 6 433.8 9.8 % 3731 198 % 0214 192 % 144 190 %
Test 7 426.8 80 % 3713 192 % 0215 64 % 142 170 %
Test 8 3287 -168 % 291 40 % 0.252 96 % 125 30 %
Test 9 404.0 22 % 207 -131 % 0.232 08 % 143 180 %
Ave. 3921 08 % 3068 -15% 0228 08 % 129 6.2 %
STDEV 33.2 415 0.021 14
COV=* 84 % 133 % 9.0 % 115 %

3£ 17. SM490 +=x=&

A eyt AT e, Z1AA dETEe

(b) sR = 3115 MPa
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A SR v =gl mE A vATxze] SN

Z3HEE 55400 Ao v =AY

o UNH o R AFxEe HEd g A= ATEE AFE Al FAd AE
A W G-gh Al (endurance limit) ]2 A|gtsl= Zlolw H-35 SO
o] WA= RIESlIFE AAst= AF

(a) A& A

o

A=

(b) 2% 4] (Actuator)

(c) A AlFA 9 25
a9 38 w2 A% AgA e G



(2) SEM, @stdrd &

(c) WMe] Hl AT
219 39, SEM, Beau]Hol e H=a3 A SSA00 T2 E FA S£FE uATE

_53_



(c) WMe] m]Al+=
19 40. SEM, Aetdn Aol A H2 A F SS400 728 A EHF vAlT R BE

(3) WEAPE FHI GBI, A5 A
H

o 57A BESHel A S5 WM, HAZ BM 7 %4

SO S1 S2 S3 S4

(ea = 0.0%) (ea = 04%) (ea = 06%) (ea = 0.8%) (ea = 1.0%)
WM 9.0 8.0 8.0 8.0 8.0
HAZ 15.0 12.0 12.0 10.0 9.0
BM 18.1 15.0 13.0 11.0 10.0

E 18 57b B gHel A §HR § 54
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(Fuzzy membership function)® o]Fo]xl dlo]g o] 2d &t FAIEE 4bE3}al,

Aol AAA A xE AAT

b T4 2D e

Heat Affected Zone (HAZ)

19 42 Ao £HE

<8 o w2 A8 4e8<(Fuzzy membership
function)& =4 sko] ©l o] ¥ Ml o] 2 (Database) S 774 ¥
« TxE& A &§HE= A Al(Base Metal, BM), &322 (Weld Metal, WM) % 33k
-(Heat Affected Zone, HAZ) ¥ AojX= o] oS Edetal, 47 &3 ==
+(N), &t=(L), ML), F=aMH) 2 =5H)Y GAE FA4F
o APAzs} dolE o]zl thik A= (Similarity) S AF=E
o fALEC 7R (Weight)9F A A5 (Scaling factor)& w3l 0¥ 14Fo]e] gro= Wy
3 (Mapping)dte] AAAAA+=S AA 3

£
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L9kl

}o]

23}

l

4*(Fuzzy membership function)® o]Fo] %zl ©o] g vjo] ~

l

A= (Similarity) AH&

l
_“

jir.
1
Lo
AL
>
>
x
=5

O A7z 37 degdS Fdst2 WM, HAZ, BMell gt 242 (o, @474,
FuoH, A3 o' AEd
T WM HAZ BM
% 7t (GPa) 215.0 210.0 205.0
#=H2H(GPa) 35 4.0 5.0
F 20, Y=skslell os 2w SN EAAG o (4
@ AAe EZAE(E, 2, i o)l mE AAEH e (Fuzzy membership

function) &

A
AAd5te] gl o] gl o o] 2~ (Database)E +A &

E3AE e | e | 0 | Hame | we
713 N L ML MH H
=z A& 0.0 0.40% 0.60% 0.80% 1.00%
% 7t (GPa) 2159 2119 210.9 207.0 203.0
WM ———=
E=HAHGPa) 2.8 2.9 2.3 0.0 9.1
31 (GPa) 211.1 202.9 202.7 188.0 187.6
HAZ F———
E=HAHGPa) 4.5 8.3 5.1 6.1 7.1
3 1 (GPa) 206.7 198.0 194.9 179.8 1749
BM —
E=HAHGPa) 3.6 3.8 10.1 8.1 6.7
£ 21 A4S ERAEGIER)e] Be §4% BAA (AT

= exp|— (1)

o HMAA pi= HAARNH A, me B, o
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®

1.0
e 08
£06
E 04
202
0.0
1.0
a 08
£06
E 04
&
202
0.0
1.0
a8
=
..E 0.6
E 04
-]
=02

0.0
160. OBM 170.0 180.0 190.0 2000 2100 220.0 230.

Elastic modulus (GPa)

OF 43 AARH AT TR 7w dolEHelx

A A e}l golg o] 2o thgk FAE(Similarity) & A& 3
21 (2) =5 Ad ATt dolg o]~ thEF F-AF=(Similarity) S A&
1 (mA_mB)2 }
ANA4,B)=— - |+1 (2)
(4.8 2{@@[ .

12)o1 4 m3t o= Al HAAEHFATF AR A9 B(ulolEuo]2)e] Htat &

AEE fAMEE A S el mE EdAE] dAE wEoE fAE PE
2 AEE F AdS B AEE fAE dEd Fawd wet vhsA MEE Fols)
= A FoRE 29 F dS

A

AY 435 WM, HAZ, BM 99 E&)EE N, L, ML, MH, He &A= (d)] w&
Holelmol 2ok FAEE AFshu, H3)) PHE A%
)‘(EI/I'M?DVVAIfN) )‘(EIWJ’DI"meL) )\(EI'VJﬁDIMWfML) )‘(EIVWDI'PD[fMH) )‘(EI/IYV’DI/I%[*H)

A= )‘(EHAZDHAZfN) )‘(EHAZ’DHAZfL) /\(EHAZDHAZfﬂf[L) )‘(EHAZVDHAZfMH) /\(EHAZVDHAZfH) (3)
)‘(EBM?‘DBA[—N) )‘(EBM?DBA[—L) )‘(EBM’DBA[—ML) )‘(EBM?DBA[—MH) )‘(EBAﬁDBAJ—H)

21(3)9) AFE 18 199 g MEWMDWM-N)E= WM 9o AdA3(EWM)S WM
doel &4 gl dolguol~ E(DWM-N)I} FAIEE ZA- S 4

FAFEl 7FE A (Weight)9F A 37|57 (Scaling factor)& #3Fil 03 14}o]9] gro =
3 (Mapping)dtel AAAGAF=E 243

2

FAE Eo 2(4)9] 7Fs A (Weight) ¥ E ¢} 2](5)e] A3 A 5 (Scaling factor) &
WHE wrstal 2(6)2 2ol 03 1xke]e] gte = W (Mapping) ste] A4+ RE&
A *] &

=0 1
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o~ SR BANAY .
Chinwoo Tech (221 KIS HI ST TEH 45 \A\TURE

ETIRTENTN - ACCREDITED

01
Objective

« Nano Indentation ZH &2 A|H MX 2|

02

Sample Description

o XA : A|HE + F£ 240|0f
ZHALY-E : Mounting, Grinding, Polishing

AN HKE| 7|& X2 ME

_84_



Gmwoo Tech (1 KIS HI .c% WKN
03

Process
« 1-1. Cold Mounting

Item EpoxySet, EpoxySet, 32mm Diameter,
Resin Hardener 2-Part Mounting Cups
Consumables Ttom
; 145-20005 145-20010 197-10005
Number

— ZH| Y ARE AZE EE (7 page)

« 1-2. Mixing & Cure Time

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

8 hours / 480 minutes

Mounting 2t&

AH HAE| 7|F X ME
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PR
Chinwoo Tech (I EISLHIA

ETIXTIIN  ACCREDITED

03

Process
« 2-1. Grinding & Polishing by MetPrep3/PH-3™ Individual Pressure Polishing
Grinding Polishing
Step 1 2 3 4 5 6
: . 600Grit 800 Grit 1200Grit
Abrasive 320Grit (P-1200) (P-2400) (P-4000) 3 pm 0.04 tm
Type sic sic sic SiC | Diamond | “%0i%e!
Camrice Abrasive Abrasive Abrasive Abrasive S ; Suspensi
= Disc Disc Disc Disc uspension | suspension
Item No. 50-10065 50-10075 50-10076 50-10077 90-30020 180-25015
Polishing . .
Cloth - = - - DiaMat Final A
Item No. - - - - 90-150-550 180-10705
Coolant Water Water Water Water GreenlLube -
Item No. - - - - 90-209010 -
peljzteer;M) 100 100 100 100 100 100
/ Ditection /Comp /Comp /Comp /Comp / Contra / Contra
Sample
Speed (RPM) 90 90 90 90 90 90
Force (IbF) 3 3 4 4 3 3
Time (min) | Until Target 2'30" 3'00" 3'00" 2'30" 20'00"

— ZH % 22F AHE E = (8 page)

« 2-2. AD-5™ Dispensing Parameters

Step 5

Type Diamond Suspension & GreenLube™
Pulses / Min : 5 ! B )
Pulse Length 0.5 sec.
Water Flush off

AE FHNE| 7l X3 HE
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GinwooTech (1 ZN R EHIT o A@ /

A
|

04

2t

1-x25(1) 1 - x 100(1)

1 - x100(2)

AH HAE| 7|E X ME
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Chinwoo Tech [EIXISSHIA

04

2 -x25(1) 2 - x 100(1)

2 -x25(2) 2 - x 100(2)

AH HAME| 7lF X|[H ME
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GinwooTeh (1 EI S EI =

3 - x 25(2)

3 - x 100(2)

AME HNE 7= X[
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[n this paper, a procedure for determining mechanical properties in structural steel weld zone using
indentation test and finite element (FE) analysis was established and applied for investigating
mechanical properties in an SS400 steel weld zone, Instrumented indentation tests were performed
across the weld zone and the mechanical properties (E, H, o ,, and n) were then determined from their
load-depth data with the aid of FE analysis. The obtained mechanical properties in the weld zone were
verified to be reliable by comparing with the results from tensile tests and their FE simulations of both
steel and welded specimens. It is shown that in the investigated weld zone, base metal has lower values
of mechanical properties (E, H, ¢ ,, and n) than does the weld metal, and mechanical properties within
heat affected zone (HAZ) gradually increase from the base metal to weld metal regions. Based on the
optical microscopy examination results, the gradient of mechanical within HAZ is found to be associated

FE analysis

with the change of grain sizes from base metal to weld metal regions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Structural steels are one of the most prevalent and commonly
used materials in civil and industrial building construction due to
several of advantages, such as their low cost and excellence in
machinability and weldability. In many applications of structural
steel, it is essential to form strong joints that allow transferring load
between components. Generally, welding is considered as the pre-
ferred joining method due to such advantages as continuous joint
forming, design simplicity, and high rigidity compared to others [1].
However, the weld joints in welded components are generally
considered as potential “weakest link” due to the microstructural
inhomogeneity or weld defects [2]. Since the performance of weld
joint is governed by its components: base metal (BM), heat affected
zone (HAZ), and weld metal (WM), a comprehensive understanding
of the mechanical properties including elastic modulus, hardness,
yield strength, and strain hardening exponent in these components
is essential for the integrity assessment of structural steel members
that have a weld zone.

Instrumented indentation testing has been used in many
engineering fields including biomedical, civil, mechanical, and
material engineering [3]. Many researchers have developed

* Corresponding author. Tel.: +82 2 3408 3291; fax: +82 2 3408 3332.
E-mail address: sekim@sejong.ackr (S.-E. Kim).

http://dx.doi.org/10.1016/j.jjmecsci.2015.09.015
0020-7403/© 2015 Elsevier Ltd. All rights reserved.
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analytical methods for characterization of basic mechanical prop-
erties (elastic modulus, yield stress, strain hardening exponents,
etc.) from the load-penetration depth data of indentation tests
[4-9]. Since instrumented indentation testing has various advan-
tages in practical applications and provides access to the local
material properties in the indented region, it has been extensively
used in characterizing mechanical properties of inhomogeneous
materials such as weld zone [2,10-13]. For example, Ye et al. [2]
conducted a series of experiments including indentation tests,
low-cycle fatigue tests, and optical microscopy examinations to
study the local mechanical properties and microstructures in
individual zone of 304L SS welded joint in both as-welded and
cyclic loading conditions. Chung et al. [10] used indentation tests
and finite element (FE) analysis to investigate the mechanical
properties of DP590 steel weld zone, of which isotropic hardening
law along with the non-quadratic anisotropic yield function
Y1d2000-2d was assumed as material property model. Yonezu
et al. [12] utilized spherical indentation to measure local
mechanical properties of welded stainless steel SUS316L at high
temperature by using FE method to establish functional relation-
ship between indentation response and plastic property of mate-
rial. Recently, Sun et al. [13] applied micro-indentation and inverse
modeling to determine mechanical properties of the weld line of
two typical dual phase high strength steels DP600/DP980. In the
research, the FE model was constructed based on the power law
constitutive model to simulate the elastoplastic response of each
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Table 1
Chemical compositions 55400 steel and ER705-6 weld material (in wt®),

Material C Si Mn P 5 Al Ca Cu

55400 0.05 0.037 046 0013 0.002 0.044 0.0017 -

ER705-6 004 092 045 oon 0015 - - 02
109.0 108.0

[ o]l I
b 4

103.0 hzd| 103.0
8.0

Jzo

Fig. 1. Dimensions for the double V butt welding plate.

Fig. 2. Sample for indentation tests,

individual weld zone and the mechanical properties in the dif-
ferent zones were identified by comparing the experimental data
and simulation results. However, the materials used in above
studies could be accurately assumed as isotropic hardening law or
power law formulation while materials with plastic plateau in
their constitutive equations such as structural steel were not
covered.

The aim of this study is to investigate the mechanical proper-
ties in the weld zone of a structural steel, $5400, by further
extending the proposed method [9] in application for estimating
the mechanical properties (yield strength &, and strain hardening
exponent n) in structural steel weld zone from indentation results
with the aid of FE analysis. Instrumented indentation, tensile tests,
FE analyses, and optical microscopy examinations were conducted.
The mechanical properties in the weld zone were extracted from
indentation load-depth data and the correlation between micro-
structures and mechanical properties in the weld zone was
investigated.

2. Experimental procedure

A welded plate of SS400 steel was chosen for investigation. The
manual metal arc welding with electrode ER 705-6 was used. The
major chemical composition in percentage weight of 55400 and
weld metal are listed in Table 1. The weld was completed with a
voltage of 22V and a current of 100 A. The dimensions for the
double V groove butt welding plate are shown Fig. 1.

For instrumented indentation test, one slice of 8 x20 mm*
containing BM, HAZ, and WM regions was cut out from the welded
plate by water-jet, This slice was then mounted in epoxy and
polished with different silicon carbide papers, poly diamond

particles, and colloidal silica in order to obtain a flat and smooth
surface. This procedure was achieved in seven stages of increasing
fineness, with the last in the range of 40 nm. Fig. 2 shows the
sample after being mounted and polished. A series of instru-
mented indentation tests consisting of 5« 25 indenting points
across the weld zone were performed at room temperature using a
MNano Hardness Tester with an Berkovich indenter made of
industrial diamond (elastic modulus E;=1141 GPa and Poisson’s
ratio v;=0.07). A fixed maximum load of 150 mN at a constant
loading and unloading rate of 300 mN/min was applied for all
indentation tests. The indenting series covered portions of base
metal, heat-affected zone, and weld metal. In order to look for the
correlation between microstructures and mechanical properties in
the weld zone, the microstructural examinations were carried out.
To reveal the microstructure, the polished specimen was etched
for 30 s with 2% nital, and the microstructures were observed by
optical microscopy.

Tensile tests were conducted on three specimens of 55400
(labeled N1, N2, and N3) and three welded specimens (labeled W1,
W2, and W3) using an Instron tensile testing machine and tested
according to ASTM standard [14]. Note that the welded specimens
were directly cut from the welded plate and specimens of $5400
steel have the same thickness of 12 mm as welded plate. Fig. 3
shows the dimensions of specimens and representative specimens
for tensile tests.

3. The procedure for determining mechanical properties from
ind ion and FE lysis results

1y

Fig. 4 presents a load-penetration depth (P-h) curve of an
elasto-plastic material to sharp indentation. From this curve,

_98_
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Gauge length

(=2

(2]

Fig. 3. Specimens for tensile tests. (a) Dimenions of specimens. (b) Top view of specimens. (c) Front view of specimens.

’ &
m &1,‘

P=Ci¥

P (Load)

h (Penetration depth) A L

Fig 4. Load-penetration depth curve {P-h).

various characteristic parameters of indentation, including those
related with the loading (the loading curvature C and the max-
imum penetration depth h,,,) and those related with the unloading
(the initial unloading contact stiffness 5 and the residual impres-
sion depth after complete unloading h,). As indicated [15],
C is measurement of the resistance of the material to indentation,
5 characterizes the stiffness property of the indented material,
h, represents the ability of material to change its shape. The elasto-
plastic properties of the indented material can thus be evaluated
from the above indentation characteristic parameters.

As seen in Fig. 4, hy, and h, can be obtained directly from the
P-h curve, whereas C and S need to further provide the description
of the loading and unloading curves. For sharp indenters (Berko-
vich, Vickers), the loading curve can be expressed using Kick’s law
[4], P=Ch?, while the unloading curve is usually described by a
power-law relation suggested by Oliver and Pharr [4]: Py=
B{h—h.)", where B and m are the fitting parameters. Thus, C and S

can be expressed, respectively, in the following forms:

Pm

C:h—z (1)
dp m-1

S—ﬁhm—mﬁihm—hr} 2)

Owing to the effects of elastic deformation of the indenter, the
reduced modulus E; can then be extracted as follows [4]:

N/ )

E= z_ﬁﬁ 3)
where f# is a correction factor for indenter shape (f/=1.034 for a
Berkovich indenter) and the projected contact area A. can be
determined from the contact depth h.. For a perfect Berkovich
indenter, the projected contact area is calculated by A = 24,5hf.
where he =hy —£*Py /S and & =0.75 for sharp indenters [4].

The elastic modulus E can now be determined as

-1

1-12 1-p?

4
E E (4)

Er:‘

where E, v, E;, and v; are the elastic modulus and Poisson's ratio of
the indented material and indenter, respectively.
From the P-h curve, the hardness H can also be determined in
terms of the indentation depth using the following equation [4|:
Pﬂ!
H= A (5)
Since C, S, and E; = [(1-1%)/E] " are obtained from the P-h
curve of indentation test using Eqgs. (1)-(4), the yield strength &,
and strain hardening exponent n of structural steel can be deter-
mined with respect to o using following polynomial equations [9]:

i-1

S a1 (%) ®

k=1

-
5= 2

=

4 4
1j=1
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£ Symmetnic axis
_——%—— Rigid indenter
70.30

F

Constrained in x-dircction

Fixed along with the line

Fig. 5. Axisymmetric FE model of indentation test

S S5 S v (8]
Fhn & 55 4 ay
where gy and by, are cocficients (Appendix A), and e is defined as
strain at the starting-point of strain hardening =, divided by the
initial yicld strain #,. If is nofed that cocfficients ag and by, are
[iLting parameters oblained from nite element analysis results of
indentation simulations, while o can be directly detenmined from
stress—sirain curve ol tensile test, With the high stillness and the
narrow ranges of structural steel property parameters, the
uniquencss of inverse identification of yicld strength &, and strain
hardening exponent n from indentation data can be ensured and
the further methodology details to extract », and n can be found
elsewhere [9].

Yield strength and strain hardening exponent of structural steel
can be determined with respect to o using Egs. (6) and {7).
However, the o value of HAZ and WM regions in the weld zone
could not be measured from tensile test of the welded specimens.
Since preparing mini or micro specimens from the weld zone that
allows determining « value of the weld zones is a rather difficult
Lask due o the small-sive of the zones [2,10], lnite element (FE)
analysis is now currently considered an appropriate approach. To
ohtain the a value of HAZ and WM, the FE analyses of indenfation
were performed using the nonlinear finite element analysis pro-
aram ABAQUS [16] for correlating the experimental with the
simulaled load-penetration depth curves. The malerial model or
structural steel that was used in the previous work was applied in
Lhis study, as [ollows [9]:

[ Ee (& = &y)
=3 T (By = 8 Egr) (8)
1 Oy :1 +EE -ty h’[ﬂ'o’y}: " oezeg)

Due Lo Lhe fact Lhal a conical indenter with a semi-apical angle
ol B8=703% has the same projecled area-deplh lunctions as the
Berkovich indenter used in the indentation tests and the P-h
responses of the conical and Berkovich indentations obtained from
finitc clement analysis using ABAQUS were demonstrated to be
virtually identical for micro- or nano-scalc |7,17), a conical
indenter was simulated instcad of a Berkovich indenter in order to
reduce the complexity and analysis time, Considering symmetric
conditions, an axisymmetric two-dimensional 15 model was
developed to simulate the indenfation process, The sample was
modeled using 8576 four-node hilinear axisymmetric quadrilateral
elements, as shown in Fig. 5. The developed 12 model was also
demonstrated W be acourately simulated by verilying with the
experimental result [9]. The further details for e FE model can
alsu be lound in Lhe previous work 9]

Fusion line. ——— =

Interface ———-

40 pm

Fig. 6. Optical microstructures in the weld zone: {a) interface of WM and HAZ,
(b} interface of HAZ and WM, (] BM, {d) HAZ, and (¢] WM.

Since clastic modulus of HAZ and WM could be dircctly
oblained from indentation lest resulls and Poisson's ralio was
fixed at 0.3, a set of simulated load penetration depth curves was

prepared with various values of x, 7, and n as the input data for FE
simulations. The representative value ol ¢ lor HAZ and WM was

- 100 -
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then determined by comparing the experimental load-penetration
depth curves with the set of simulated curves. Once a value of HAZ
and WM was estimated, the yield strength and strain hardening
exponent distributed in HAZ and WM could be determined using
Eqgs. (6) and (7).

4. Results and discussion
4.1. Microstructures

The optical microstructures at the interface of WM and HAZ
{(including apart of indentation impressions across the weld
zones), at the interface of the HAZ and BM, and in BM, HAZ, and
WM regions are presented in Fig. 6. From this figure, the fusion
line between WM and HAZ (Fig. 6a) and the interfacial line
between HAZ and BM (Fig. 6b} were clearly observed. These
observations allowed identifying the BM, HAZ, and WM regions
and their approximate dimensions. The identification showed that
the indenting region consisting of 5 x 25 points covered a length
of 3.84 mm across the weld zone including approximately 2 mm of
the HAZ region.

As shown in Fig. 6¢, BM is composed of ferrite and small
regions of pearlite. It can be seen that small amounts of pearlites
are located at the grain boundary edges and the corners of the
ferrite grains. These grains have various sizes with the majority of
the sizes in the range of 15-20 pm, while the biggest is around
40 pm. Fig. 6d shows that the micrestructure of HAZ consists of
grain polygonal ferrite and some regions of pearlite also located at
the corners of grains but more in amount when compared with
BM. Note in Fig. 6¢c and d, and especially in Fig. 6b that ferrite
grains in HAZ are more regular and relatively smaller in size when
compared with that in BM. These observations are agree well with
the results obtained from HAZ region of a similar low carbon steel
weld zone with 0.053% C [18,19]. Due to the various peak heated
temperatures during the welding, the microstructures in the HAZ
can be well defined based on the distance from the fusion
boundary [20-22]. The regions immediately to the fusion bound-
ary are heated to very high temperatures and hence transform
completely to austenite at the upper critical temperature (Acs) by
about 100 °C. The austenite that forms is annealed during heating
beyond Acs, giving rise to a very coarse-grain austenite zone. The
austenite grain size decreases sharply with distance from the
fusion boundary. These austenite grains lead to the formation of
the coarse grained zone (CGZ) and fine grained zone (FGZ) of the
final microstructures, which is adjacent to the weld fusion zone
and slightly further away from the fusion boundary, respectively,
as can be seen in Fig. Ga. As the peak temperature decreases,
regions of the HAZ further away from the fusion boundary become
only partially austenite during the heating part of the thermal
cycle. The part that does not transform into austenite becomes
tempered [20]. This causes the ferrite grains in the final micro-
structure of HAZ region, which is further away from fusion
boundary and near the base metal, to be more regular and smaller
in size when compared with those in BM, as shown in Fig. Gb.

Concerning the WM of a low carbon steel, during the welding
process, the peak temperature in this zone is much higher than the
upper limit of phase balance between &-ferrite and y-austenite
[2,20], leading all ferrite and pearlite transformation to austenite.
According to Easterling et al. [21], the austenite grains then can
form into many different phases of microstructure such as allo-
triomorphic ferrite (&), Widmanstatten ferrite (enw), cementite,
pearlite, and acicular ferrite (a,) depending on the cooling rate,
detailed shape, and the size of the austenite grains. As can be seen
in Fig. 6e, the microstructure of WM in the present S5400 steel
weld zone mainly contains ferrite with different types of grains
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Fig. 7. Typical indentation P-h curves in the weld zone.
Table 2

Average values of mechanical properties in the weld zone.

WM HAZ BM
E (GPa) 2182 2124 2072
H (GPa) 27 22 2.0
oy (MPa) 4035 3314 302.7
n 0203 0.195 0.191

and certain small amounts of pearlite that are surrounded by
ferrite grains. The ferrite grains are a, ay, and &g, where the sizes
of allotriomorphic ferrite are larger than others. This result is
totally consistent with the results reported above [20-22].

4.2, Mechanical properiies

It can be seen from the Fig. 6a that the size of indents is much
smaller when compared to the dimension of the individual weld
zone but not much smaller than the ferrite grain size in HAZ and
WM. Considering that the size of plastic zone created by a Ber-
kovich indenter is about 2 times as larger as the indentation size
or indentation with a Berkovich tip ‘feels” a volume with radius of
5-9 times maximum penetration depth [15], a composite behavior
is always measured instead of the grain in HAZ and WM regions
(Fig. 6a). However, the size of some ferrite grains in BM is quite
larger than the size of plastic zone created by the indenter, and
then a grain behavior could be measured instead of a composite
behavior if the indentation lands on the center of a larger ferrite
grain. In this study, a special attention was paid to all indentation
positions in the BM region. It was found that all of indentations
were landed on or near the grain boundaries. These observations
indicate that the indentation load-penetration depth (P-h) curve
measured in this study is an exact indication of the local elastic-
plastic response of the weld zone materials.

Fig. 7 presents typical P-h curves measured in the BM, HAZ,
and WM regions. In this figure, only a representative curve at the
middle of each weld zone was presented for the purpose of darity.
As shown in Fig. 7, with the same maximum load, the maximum
penetration depth and the shape of P-h curve at three regions are
significantly different. This indicates that for the present weld
zone, the indentation response is highly distinguishable from
individual weld zone.

In regard to 125 experimental P-h curves, the elastic modulus £
and hardness H at each indenting point were determined using
Egs. {3)-(5). The yield strength &, and strain hardening exponent n
in BM region were extracted based on the a value of 18 obtained
from the tensile tests by using Egs. (6} and (7). To estimate &, and
nin HAZ and WM, the representative ar value of these regions was
characterized with the help of FE analysis results as presented in
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Fig. 11. Yield strength distribution across the weld zone.

Section 3. For the set of simulated load-penetration depth curves,
FE analyses were carried out for the total of 576 combinations of
the material parameters, in which o varied from 7 to 23 (for every
2), o, varied from 275 to 450 (for every 25 MPa}, and n varied from
0.17 to 0.24 (for every 0.01). While Poisson’s ratio was fixed for all
analyses, the average value of E=215.3 GPa of all obtained £ values
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Fig. 12. Strain hardening exponent distribution across the weld zone.

Table 3
Mechanical properties of 55400 cbtained from indentation and tensile tests.

Indentation test Tensile test Err. (%)
N1 N2 N3 Average
E(GPa)y 2072 2132 2084 210.2 210.6 -16
oy (MPa) 3027 305.6 307.2 306.9 306.6 —-13
n 0191 0.205 0.205 0.203 0.204 —64

in HAZ and WM was used as the representative £ value for all FE
analyses due to the fact that the average values of E in HAZ and
WM were similar with the relative error within + 3% (Table 2) and
such this small relative error would not affect much on the esti-
mated value of . Note that the above ranges of a, ,, and n were
chosen after a special attention to a, 6,, and n values in BM was
paid and some prior analyses were performed in order to mini-
mize the necessary number of FE analyses. The loading part of
load-penetration depth curve, calculated up to 150 mN of applied
load, was compared with the experimental ones to determine the
a value of HAZ and WM. To reduce the complexity, only the load-
penetration depth curves at the middle indenting column of HAZ
and WM regions were used for comparison, as illustrated in Fig. 8,
and the obtained value of a=15 and =9 was considered as the
representative value for HAZ and WM region, respectively. The
obtained value of a=15 for HAZ indicates that the change of
microstructure in HAZ during welding process influences much on
the a value. This effect could be varied with different position
along the HAZ region, however, the usage of @=15 as repre-
sentative value for determining o, and n at all indenting positions
along the HAZ region would be acceptable due to the fact that the
estimated 6, and n just changes around 11% and 23% when a value
of 55400 steel increases from 7 to 23, respectively [9].

Since =15 and a=9 were obtained for HAZ and WM regions,
respectively, the yield strength &, and strain hardening exponent 1
at each indenting peint in the HAZ and WM regions were then
determined using Egs. (6) and (7). Figs. 9-12 present the elastic
modulus £, hardness H, yield strength &,, and strain hardening
exponent n plotted as a function of the measured positions across
the weld zone, respectively, where each data point represents an
average of 5 values at each column of indents, together with an
error bar of a standard deviation. In these figures, the dashed lines
in the WM and BM regions represent the average values of all data
points, while the dotted line in HAZ regions is the linear fitting of
all values in this zone. As can be seen in these figures, various
mechanical properties (E, H, ¢ ,, and n) exhibit relatively little
variation in BM and WM regions, whereas a significant variation
and a gradient-distribution of the mechanical properties are found
in HAZ. The average values of all mechanical properties in WM
region, E=218.2 GPa, H=2.7 GPa, 6,=403.5 MPa, and n=0203,
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are highest, while the BM region has the lowest mechanical
property values with E=207.2 GPa, H=2.0 GPa, 6,=302.7 MPa,
and n=0.191 as shown in Table 2, even though the hardness H,
yield strength 6, and strain hardening exponent n in the HAZ area,
which is adjacent to the BM region, are slightly smaller than those
in BM (Figs. 10-12).

4.3. Verifications

Since the mechanical properties of the weld zone were indir-
ectly measured using instrumented indentation testing and its FE
analysis results, the tensile tests were performed on the SS400
steel and welded specimens to validate some of those values.
Table 3 presents comparisons of E, ¢ ,, and n in BM with those
observed from the tensile tests of three specimens, N1, N2, and N3.

It can be seen from this table that E, ¢ ,, and n in BM deter-
mined from indentation are in good agreement with those
obtained from the tensile tests of three SS400 specimens, although
the former is slightly smaller than the latter, which may be
attributed to experimental errors of the indentation test [4,9] or
the size-dependence of the present indentation measurements
[15].

To verify the results of E in HAZ and WM regions determined
from indentation test, the welded specimen of the tension test is
considered as a composite made of three materials, BM, HAZ, and
BM, in series with the corresponding modulus value of Egy;, Eyaz
and Ewy,, respectively. The equivalent modulus of the weld zone
(Eeq) can be computed as follows:

E - ALEpmEpazEwm ©
7 ALsmEnazEwm + LuazEsmEwa) + LwmEsvEnaz

where 4 is the ratio of section area of WM to section area of BM (or
HAZ), Lgyy, Lyaz, and Ly, is the length of BM, HAZ, and WM,
respectively, andL = Ly +Lyaz +Lwy is the length between two
gauges in the tension tests of the welded specimen. The equivalent
modulus value of composite computed from Eq. (9) and elastic
modulus of three welded specimens from the tension tests, toge-
ther with their average value, are listed in Table 4. It can be seen
that the equivalent elastic modulus value obtained using Eq. (9)
based on the indentation test results is very close to the average
value of elastic modulus obtained from the tension tests of three
welded specimens, with a relative error of —1.5%.

To verify the results of yield strength o, and strain hardening n
in HAZ and WM regions obtained from indentation tests, FE

Table 4
Equivalent elastic modulus of SS400 steel weld zone.

Equivalent elastic  Tension tests (welded specimens) Err. (%)
modulus value
Wi w2 w3 Average
E (GPa) 2133 2198 2140 2161 2166 —15

simulation of tensile test was developed using ABAQUS program
[16]. The eight-node solid element C3D8R was used for all speci-
mens. The material model illustrated in Eq. (8) was used to define
the material properties of SS400 steel, HAZ, and WM regions. In
order to validate the accuracy of the developed model, the FE
simulation of tensile test of SS400 steel was first carried out. In
this simulation, the mechanical properties (E, ¢ ,, and n) of S5400
steel obtained from tensile test were used as the input data. Fig. 13
shows the failure mode and locations of SS400 steel specimen
from experiment and simulation. Good agreement can be
observed between the simulated and experimental failure mode,
whereas the failure locations show a little difference between
experimental and simulated results. It might be related to the
imperfection of the prepared steel specimen in the tensile test.
Although the failure locations are little different, the simulated
load-engineering strain curve agrees well with the experimental
curve, as shown in Fig. 14. These results indicate that the devel-
oped FE model is accurately simulated the tensile test.

The developed FE model was then used to simulate the tensile
test of welded specimen. The mechanical property values sum-
marized in Table 2 were used as input properties of HAZ and WM
regions in FE simulation. Fig. 15 shows the good agreement
between simulated and experimental failure mode and locations
for welded specimen. The load-engineering strain curves obtained
from experiment of welded specimen and FE analysis of welded
specimen with weld properties are presented in Fig. 16.

It can be seen from this figure that the FE analysis curve of
welded specimen with weld properties closely matches the
experimental curve with a little difference. The difference might
be due to some certain reasons as follows: (i) the imperfection of
the welded specimen in the test, especially the dimensions and
the shape of the weld region; (ii) the properties used in the FE
model are just the averaged properties of the WM and HAZ instead
of the properties distributed across the weld zone; (iii) the change
of microstructure across the weld zone are not considered in the
FE model. However, the quite good agreement between these
curves and the large difference between the curve from FE analysis
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Fig. 14. Load-engineering strain curves from tensile test of steel specimen.

Fig. 13. Failure mode and locations of steel specimen. (a) Experiment. (b) FE simulation.
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Fig. 15. Failure mode and locations of welded specimen. (a) Experiment. (b) Simulation.
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Fig. 16. Load-engineering strain curves from tensile test of welded specimen.

without welded properties and experiment, as also presented in
Fig. 16, demonstrate that the indirectly measured weld zone
properties are valid. Concerning the hardness, the values of
H=2.7 GPa, H=2.2 GPa, and H=2.0 GPa (Table 2), corresponding
to H=247.8 HV, H=198.8 HV, and H=188.6 HV, are representative
of the hardness of WM, HAZ, and BM, respectively. These values
and the distribution of hardness in the present weld zone are in
good agreement with the results obtained from a similar low
carbon steel weld zone (0.053% C) reported in the related litera-
tures [18,23,24]. The above comparisons and results indicate that
the mechanical properties of the present SS400 steel weld zone
measured from instrumented indentation test are reliable.

4.4. Microstructures relevant to mechanical properties in the weld
zone

The dependence of mechanical properties on the micro-
structure of materials has been indicated [20-22], and the varia-
tion of the mechanical properties in the present SS400 steel weld
zone is essentially resulted from the changes of the micro-
structures during the welding. The formation of d-ferrite is known
as an important aspect among many aspects of microstructures
that influence on the mechanical behavior of weldements [2,22],
and the forming capacity of the d-ferrite is governed by the o-
ferrite amount in the material, the peak temperature in heating,
and the cooling rate during the welding [20,21]. For present SS400
steel weld zone, the lower wt% C content of 0.04% leads to a higher
amount of a-ferrite in weld metal than that in base metal, which
has the higher wt% C content of 0.05% (Table 1). During the
welding, all a-ferrite in the weld metal form of 3-ferrite due to the
occurrence of the peak temperature this zone. Even the transfor-
mation of d-ferrite to a-ferrite occurs during welding, it is believed

that the remaining d-ferrite in weld metal is still higher than that
in base metal. The higher amount of d-ferrite and its abundant
transformed phase boundaries may be responsible for the greater
strength, strain hardening exponent, and hardness in the weld
metal than those in the base metal, while the slight higher elastic
modulus in weld metal may be attributed to the “high stiffness
ferrite” phase, which was discussed in the previous works [25,26].

The grain size and grain shape of the microstructure were
demonstrated to have significant influence on the mechanical
properties of structural steel [20-24,27,28]. Ding et al. [28]
reported that the improvement of the mechanical properties in
SS400 steel during thermomechanical control process attributed
mainly to the ferrite-grain refinement. Khodabakhshi et al. [23,24]
pointed out that hardness improvement in HAZ region of a low
carbon steel weld zone with 0.053% C contents were due to finer
microstructure. Hence, the higher mechanical properties (E, H, ¢ ,
and n) of HAZ region when compared to base metal in present
weld zone might be mainly due to the smaller and more regular
sizes of ferrite grains in this region than in base metal even though
other aspects such as dislocation density, etc. also have influence
on, Since indentations were not indented to coarse grained zone,
which is adjacent to the fusion zone, as illustrated in Fig. 6a, the
decrease of mechanical properties (E, H, ¢ , and n) within HAZ
(Figs. 9 and 12) is associated with the increase of grain sizes from
the fine grained zone to the interfacial region between the HAZ
and BM. In other words, the microstructure gradient resulting
from the metallurgical changes during the welding process leads
to a gradient of mechanical properties within the HAZ. The severe
property gradient in HAZ indicates that the other approach for
determining mechanical properties, such as tensile test using
mini- or micro-specimens extracted from the weld zone, can only
provide an averaged mechanical measurement of the entire HAZ
due to the fact that the dimension of the micro-tensile specimen is
usually much larger than the size of microstructure. Thus, the
instrumented indentation test would provide an appropriate
approach for investigating the mechanical properties of the
structural steel weld zone.

5. Conclusion

In this study, instrumented indentation, tensile tests, finite
element (FE) analysis, and optical microscopy observation were
carried out for the investigation of mechanical properties in the
weld zone of SS400 steel. The results support the following
conclusions.
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Instrumented indentation test provides an appropriate
approach for investigating the mechanical properties of the
structural steel weld zone by combining the proposed method and
FE analysis. The procedure for determining mechanical properties
of structural steel weld zone from indentation test is as follows:
(i) extract E and H by using conventional methed [4]; (ii} deter-
mine 6, and n in BM region by using proposed method with a
value obtained from the tensile test of steel specimen; (iii) esti-
mate the representative & value of HAZ and WM regions by cor-
relating the experimental with the simulated load-penetration
depth curves, which are obtained from various FE analyses of
indentation test; (iv) determine &, and n in HAZ and WM regions
by using proposed method with obtained o values.

For the present S5400 steel weld zone, the base metal has
lower values of mechanical properties (£, H, ¢ , and n) than does
the weld metal, and the mechanical properties within heat affec-
ted zone gradually increase from the base metal to weld metal
regions.

The microstructure of the BM is composed of ferrite and small
regions of pearlite. The ferrite grain has various sizes, with the
majority of the sizes in the range of 15-20 um, while the biggest is
around 40 pm. The microstructure of HAZ consists of grain poly-
gonal ferrite with different grain sizes and some regions of pearlite
that are also located at the corners of the grains. The grain size in
the HAZ region is smaller and more regular than these in the BM.
The microstructure of WM contains @, dw, &, and certain small
amounts of pearlite. These microstructures strongly influence on
the mechanical properties in the weld zone.

The higher amount of §-ferrite and its abundant transformed
phase boundaries may be responsible for the higher mechanical
properties values in weld metal when compared to those in base
metal, while the smaller and more regular sizes of ferrite grains in
HAZ may be mainly responsible for the higher mechanical prop-
erties values in HAZ when compared to those in base metal.
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Appendix A
See Appendix Table Al and A2

Table A1
Coefficient ag.

D)
i=4 i=3 i=2 i=1
1n —1710E—-1 1629E+0 1144E+2 —4.574E+1
(2,1) 1395E-2 —1195E-1 2.955E-1 —1643E-1
3.1) —4231E-4 3.903E-3 —9428E-3 5.243E-3
(1,2) 9.940E+0 7.973E+0 5.240E+1 —6.190E+1
(2.2) —1193E+0 2.573E+0 —5.962E+0 3.952E+0
(3.2) 3.876E -2 —1429E -1 1858E-1 —5743E-2
(1.3) —1196E+2 5.892E+2 —9.072E+2 4,656E+2
(2,3) 1194E+1 —5.351E+1 5441E+1 —1.804E+1
(3.3) —3417E-1 1631E+0 —1.443E+0 2175E-1
(1, 4) 1981E+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) 5023E-1 —1147E+0 3126E-2 5.674E—1

273
Table A2
Coefficient by
(k) byge
i=4 i=3 i=2 i=1
(1,1) —6.197E-2 8.766E—1 —3.097E+0 6.085E+0
(2,1) 2.285E-5 —7.846E-4 5.723E-3 —1095E-2
(3.1) —4241E-6 8.032E-5 —4.539E—-4 7.676E—4
(1,2) 9.840E-1 —1477E+1 6.723E+1 —9.676E+1
(2, 2) —6.638E-2 9.160E-1 —3.909E+0 5367E+0
(3. 2) 1877E-3 —2.619E-2 1147E-1 —1630E -1
(1.3) —4.036E+0 6.074E+1 —2.847E+2 4.247E+42
(2:3) 4241E-1 —6122E+0 2.797E+1 —4112E+1
(3.3) —1324E-2 1911E-1 —8.782E-1 1301E+0
(1,4) 4871E+0 —7.309E+1 3.440E+2 —5.160E+2
(2.4) —5.777E-1 8.394E+0 —3.875E+1 5.745E+1
(3. 4) 1875E-2 —2.718E-1 1257E+0 —1.870E+0
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Nanoindentation, tensile test, finite element {FE}) analysis, and optical microscopy examination were carried out
to investigate the mechanical properties in an SM490 steel weld zone. Three indentation series were performed
across the weld zone including the base metal (BM), heat-affected zone (HAZ), and weld metal (WM). The
mechanical properties (E, H, o,, and n) were then estimated from the load-penetration depth data of nanoinden-
tation and FE analysis results. The tensile tests of SM490 and welded specimens were conducted and the
equivalent modulus of the weld zone was interpreted from the composite action of BM, HAZ, and WM. The re-
sults from nanoindentation showed that WM has the highest values of mechanical properties (E, H, gy, and n),
BM has the lowest mechanical properties values, while the mechanical properties within HAZ gradually decrease
from the WM to BM region. The effect of microstructural changes due to the weld on the mechanical properties in
the weld zone was also discussed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

SM490 steel is a very commonly used hot rolled structural steel in
Korea. One of the important factors contributing to the use of steel is
its low cost and excellence in machinability and weldability [1]. In cur-
rent usage of SM490, welding has been widely used to connect steel
members due to such advantages as design simplicity and high rigidity
[2]. However, the inhomogeneity of microstructures in the weld zone
could lead to the changes in the mechanical properties and generate a
local stress concentration, which could extensively initiate crack propa-
gation [3]. It has been reported that during the welding, the solid-state
phase transformations have a strong influence on the final microstruc-
ture and affect mechanical properties such as hardness and toughness
in the weld zone of the structural steel [4-9]. However, these effects
on the basic mechanical properties in SM490 steel weld zone, such as
elastic modulus E, yield strength @, and strain hardening exponent n,
have rarely been reported so far. Thus, it is quite significant to have a
comprehensive study of the mechanical properties including elastic
modulus, yield strength, and strain hardening exponent in weld zone
of SM490 steel.

Nanoindentation has been used in many engineering fields including
biomedical, civil, mechanical, and material engineering [10-13].
Recently, numerous analytical methods have been developed for

* Corresponding author.
E-matf address: sekim@sejong.ackr (S.-E. Kim).

http://dx.doi.org/10.1016/jjcsr.2015.08.014
0143-974%/© 2015 Elsevier Ltd. All rights reserved.

characterization of basic mechanical properties (elastic modulus, yield
stress, strain hardening exponents, etc.} from the load-penetration
depth data of indentation tests [ 14-17]. Unlike conventional tests, the in-
dentation test allows determining the local material properties in the in-
dented region. Due to this feature, indentation has been extensively used
in characterizing mechanical properties of inhomogeneous materials
such as weld zone [18-23]. Chung et al. [18] applied indentation tests
and finite element (FE) analysis to obtain mechanical properties of
DP590 steel weld zone, of which the isotropic hardening law was as-
sumed along with the non-quadratic anisotropic yield function
Y1d2000-2d. Ambriz et al. [20] used micro-traction and instrumented in-
dentation to investigate mechanical properties of the 6061-T6 aluminum
weld and it was found that the property values in heat affected zone
were smaller than those in base metal. Charitidis and Dragatogiannis
[21] extracted equivalent stress—strain curves for base metal and welded
zone of a friction stir welded aluminum alloy by using Berkovich nanoin-
dentation. Ye et al. [22] conducted a series of experiments including in-
dentation tests, low-cycle fatigue tests, and optical microscopy
examinations to study the local mechanical properties and microstruc-
tures in individual zone of 304 L 55 welded joint in both as-welded and
cyclic loading conditions. Recently, Sun et al. [23] successfully deter-
mined mechanical properties of the weld line of two typical dual phase
high strength steels DP600/DP980 by combining micro-indentation
with inverse modeling. In this research [23], the FE model was construct-
ed based on the power law constitutive model to simulate the
elastoplastic response of each individual weld zone and then the
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mechanical properties in the different zone were identified by compar-
ing the experimental data and simulation results. However, these
above studies are focused on the materials of which the constitutive
model could be accurately assumed as isotropic hardening law or
power law formulation and do not cover materials with plastic plateau
in their constitutive equations such as structural steel SM490.

This study aims to investigate the mechanical properties in the weld
zone of structural steel SM490 by combining the proposed method [17],
which allows estimating the mechanical properties (yield strength o,
and strain hardening exponent n) of structural steel from indentation
results, and FE analysis. For this purpose, manual metal arc welding
was used for a double V groove butt welding of two SM490 steel plates.
Nanoindentation, tensile test, FE analysis, and optical microscopy
examination were carried out. The distributions of mechanical proper-
ties (E, H, gy, and n} across the weld zone were determined and the
effect of microstructural changes due to the weld on the mechanical
properties in the weld zone was discussed.

2. Experimental details

A SM490 steel plate thickness of 12 mm was chosen to be the
welded plate for the investigation. The manual metal arc welding with
electrode ER 705-6 was used for the double V groove butt welding.
The major chemical composition in percentage weight of SM490 and
weld metal are listed in Table 1. The weld was completed with a voltage
of 22 V and a current of 100 A. The dimensions of the weld portion are
12 mm in width, without a root gap.

For nanoindentation, one slice of 8 x 20 mm including the weld zone
was cut out from the welded plate by water-jet. This slice containing
BM, HAZ, and WM regions was then mounted in epoxy and polished
with different silicon carbide papers, poly diamond particles, and colloi-
dal silica in order to obtain a flat, smooth surface. This procedure was
achieved in seven stages of increasing fineness, with the last in the
range of 40 nm according to ASTM E3-01 standard [24]. Nanoindenta-
tion was performed at room temperature using a Nano Hardness Tester
machine made by the Swiss Center for Electronics and Microtechnology.
The machine operation conforms to the [SO 14577 and ASTM E2546-07
standards [25,26]. The Berkovich indenter made of industrial diamond
with an elastic modulus of 1141 GPa and Poisson’s ratio of 0.07 was
employed. In all indentation tests, a fixed maximum load of 150 mN at
a constant loading and unloading rate of 300 mN/min was applied.
Taking into account the inhomogeneity of the local mechanical re-
sponse in the weld zone, three nanoindentation series (labeled 51, 52,
and 53) consisting of 5 x 26 indenting points across the SM490 steel
weld zone were performed. The indenting regions of each series
contained portions of base metal, heat-affected zone, and weld metal.
To reveal the microstructure, the polished specimen was etched for
40s with 2% nital, and the microstructures were observed by optical
microscopy (OM). Fig. 1 shows indenting locations on the surface of
nanoindentation sample after being etched.

For tensile test, six specimens including three specimens of SM490
(labeled N1, N2, and N3} and three welded specimens (labeled W1,
W2, and W3}, which were taken directly from the welded plate, were
prepared according to ASTM standard [27]. Specimens of SM490 have
the same thickness of 12 mm as welded specimens. Fig. 2 shows
(a) the dimensions of the specimens, (b) SM490 steel specimens, and
(c) welded specimens for tensile tests. The tests were carried out

Table 1

Chemical compositions of SM490 and ER705-6 (in wt.%).
Material C Si Mn P S Ni Cu
SM490 0.16 .40 145 0.010 0.003 N/A N/A

ER705-6 0.12 0.1 143 0.012 0.cos 013 0.22

using an Instron tensile testing machine and tested according to ASTM
standard [27].

3. Determination of mechanical properties from the indentation
load-penetration depth curve and FE analysis

3.1. Determination of elastic modulus and hardness

Fig. 3 schematically shows the typical load-penetration depth curve
(P-h) of an elasto-plastic material to sharp indentation. While the
unloading part of the load-penetration depth curve contains informa-
tion related to the elastic modulus E of the indentation material, the
loading part contains the plastic characteristic of the indented domain.
The straightforward quantity to estimate this is to relate the material
plasticity to the domain hardness H.

The indentation elastic modulus E and hardness H can be extracted
from the following relations [14]:

_VTs
E“IZB\/E (1
.y 2!
E— F EV +l EZJI} @
H=P,/Af (3)

where A, is the projected area of contact between the indenter and the
sample, Sis the contact stiffness, E; is the reduced modulus owing to the
effects of elastic deformation of the indenter, 3 is the correlation factor
for indenter shape (3 = 1.034 for a Berkovich indenter), P,,, is the max-
imum load applied during the indentation, and E, v, £; and v; are the
elastic modulus and Poisson’s ratio of the sample and indenter, respec-
tively. The contact stiffness S is the initial unloading slope defined as§ =
(dPy/dh)|,_, where P, is the unloading force. In this study, Egs. (1)-(3}
were used to determine the elastic modulus and hardness of all individ-
ual regions (BM, HAZ, and WM} in the SM490 steel weld zone.

3.2. Determination of yield strength and strain hardening exponent in BM

Concerning the yield strength g, and hardening coefficient n of
structural steel, a method allows estimating these parameters from
the P-h curve of nanoindentation was used [17]. In this method the
plastic parameters (g, 1) can be determined with respect to « following
the algorithm in Fig. 4, where @ is defined as strain at the starting-point
of strain hardening & divided by the initial yield strain &,. 1t is noted that
arange from 7 to 23 of e was obtained from the tensile tests of the most
popular structural steels, 5541 and SM50A [ 28], and this was considered
the representative range for structural steel. In Fig. 4, ay, and by, are co-
efficients (Appendix A}, and Cis loading curvature that can be comput-
ed as C = P,/h2, where h,, is the maximum penetration depth. The
method was demonstrated to be relatively accurate in estimating the
plastic properties of structural steel. Since « value of BM can be obtained
from the tensile test of SM490 steel, the proposed method was directly
used for the determination of plastic parameters (a, n) in BM of the
weld zone.

3.3. Determination of yield strength and strain hardening exponent in HAZ
and WM

The proposed method allows determining yield strength and strain
hardening exponent of structural steel with respect to . However, the
« value of HAZ and WM could not be obtained from tensile test of the
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/

Indentation E \
series consisting ™,

of 5x26 indents \

Fig. 1. Indentation sample surface after being etched and indenting locations.

welded specimens, while preparing mini- or micro-specimens from the the nonlinear finite element analysis program ABAQUS for correlating
weld zone that allows determining e value of the weld zones is a rather the experimental with the simulated load-penetration depth curves in
difficult task due to the small-size of the zones [ 18,22]. To overcome this order to obtain the ¢ value of HAZ and WM. The conical indenter with
challenge, the FE analyses of conical indentation were performed using a semi-apical angle of @ = 70.3° has the same projected area—depth

Gauge length
& v
)
o i B ity
\ 50.8 /
59.0 !9.8 80.8 9.6| 59.0
+
218.0

(a) Dimensions of specimens

(b) SM490 steel specimens

(c) Welded specimens

Fig. 2. Specimens for tensile tests.
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Fig. 3. Typical load-penetration depth curve (P-h).

functions as the standard Berkovich indenter used in the indentation
tests. The P-h responses of the conical and Berkovich indentations ob-
tained from finite element analysis using ABAQUS were demonstrated
to be virtually identical for micro- or nano-scale [16,29]. Considering
symmetric conditions, an axisymmetric two-dimensional FE model
was developed to simulate the indentation procedure. The matrix was
modeled using 8576 four-node bilinear axisymmetric quadrilateral
elements. A fine mesh near the contact region and a gradually coarser
mesh further from the contact region were designed to ensure numeri-
cal accuracy and save computational time. At the maximum load, the
minimum number of contact elements in the contact zone was ensured
to have no less than 16 elements in each FE analysis. Fig. 5 shows the
axisymmetric FE simulation of indentation test. The geometric bound-
ary conditions were applied as follows: the nodes along y axis
(the axis of rotation)} can move only along the axis itself, and all the
nodes on the bottom of the mesh were fixed. The indenter was modeled

) 27
E={0 | | & g-
E E

—— | = Solve for E

= ObtainE",

lSeta
E il - -(_,[E']H
- an o | =
Rl
s 443

br:r”,'»ld':—i

— = = Solve forn
Eh, lel;

o}.zo}(n) = Obtain Oy

Fig. 4. Algorithm for determining yield strength and strain hardening exponent [17].
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Fig. 5. FE simulation of indentation test.

as a rigid movable surface and the contact between the indenter and the
matrix surface was assumed to be {rictionless based on Bucaille's study
[30]. They reported that the influence of friction on the P-h curves in
cases of Berkovich and Vickers indentations can be neglected. The in-
dentation process was simulated by two subsequent steps: loading
and unloading steps. While the rigid indenter surface moved along the
y direction and penetrated the matrix up to the maximum penetration
depth during the loading step, the indenter returned to the initial
position during the unloading step. The material model for structural
steel that was used in the previous work was also applied in this
study, as follows:

Eeg 5% g)
U={Uy gy <E<Ey). 4)
oy[1 +Es—sq)/(00y)]" (82 &)

The developed FE model was demonstrated to be accurately
simulated by verifying with the experimental result [17].

Since elastic modulus of HAZ and WM could be directly obtained
from indentation test results and Poisson's ration was fixed at 0.3, a
set of simulated load-penetration depth curves was prepared with var-
ious values of &, @, and n as the input data for FE simulations. The rep-
resentative value of « for HAZ and WM was then determined by
comparing the experimental load-penetration depth curves with the
set of simulated curves. As for the set of simulated load-penetration
depth curves for SM490 steel weld zone in this study, FE analyses
were carried out for the total of 576 combinations of the material pa-
rameters, in which « varied from 7 to 19 (for every 1.5}, o, varied
from 310 to 450 (for every 20 MPa}), and n varied from 0.23 to 0.30
(for every 0.01). While the Poisson’s ratio was fixed for all analyses,
the average value of E = 207.7 GPa of all obtained E values in HAZ and
WM was used as the representative E value for all FE analyses due to
the fact that the average values of £ in HAZ and WM were quite similar
with the relative error within +6% (Table 2) and such a this small

Table 2
Average values of E and H in the weld zones.
Series WM HAZ BM
E(GPa) 1 2104 201.7 1825
2 2134 204.1 201.2
3 2115 205.0 188.0
H(GPa) 1 286 2.64 242
2 278 2.65 2.53
3 2.84 2.65 2.50
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relative error would not affect much on the estimated value of o Note
that the above ranges of ¢, g, and n were chosen after a special atten-
tion to &, gy, and n values in BM was paid and some prior analyses
were performed in order to minimize the necessary number of FE
analyses. The loading part of load-penetration depth curve, calculated
up to 150 mN of applied load, were compared with the experimental
ones to determine the o value of HAZ and WM. To reduce the complex-
ity, only the load-penetration depth curves at the middle indenting col-
umn of HAZ and WM regions were used for comparison. Once « value of
HAZ and WM was estimated, the yield strength and strain hardening
exponent distributed in HAZ and WM could be determined using the
proposed method [17].

4_Results and discussion
4.1. Identification of individual weld zone and indentation responses

The optical micrographs of representative parts of indentation im-
pressions across the weld zone are presented in Fig. 6. It can be observed
from this figure that the WM and HAZ regions in Fig. 6a as well as the
HAZ and BM regions in Fig. 6b were clearly distinguished. This distinct-
ness allows identifying the BM, HAZ, and WM regions as well as their
approximate dimensions. The identification showed that each indenting
series consisting of 5 x 26 points covered a length of 5.0 mm across the
weld zone, including approximately 2.2, 2.3, and 2.2 mm of the HAZ re-
gion for series 51, 52, and 53, respectively. Fig. 7 shows high resolution
optical images of the Berkovich indentation which resulted from apply-
ing a maximum load of 150 mN to the weld zone including indentation
in WM, HAZ adjacent to WM, HAZ adjacent to BM, and BM. While a
relatively little pile-up can be observed {rom the residual impression
in the HAZ region adjacent to WM (Fig. 7b}, the Berkovich residual

(a) Across WM and HAZ

(b) Across HAZ and BM

Fig. 6. Optical micrograph of indenting points across the weld zone.

impressions in other regions of the weld zone manifest virtually no
pile-up or sink-in (Fig. 7a, ¢, and d}. That means the applied methods
for determining the mechanical properties work well in the case of
SMA490 steel weld zone [31]. Note in Figs. 6 and 7 that the size of the in-
dents is not much smaller than the ferrite grain size in HAZ and WM.
Considering that indentation with a Berlkovich tip “feels” a volume
with radius of 5 to 9 times maximum penetration depth or the size of
plastic zone created by the indenter is about 2 times as larger as the in-
dentation size [32], a composite behavior is always measured instead of
the grain in HAZ and WM regions, as illustrated in Fig. 7a, b, and c. In
conftrast, the size of some ferrite grains in BM is quite larger than the
size of plastic zone created by the indenter, and then a grain behavior
could be measured instead of a composite behavior if the indentation
lands on the center of a larger ferrite grain. In this study, a special atten-
tion was paid to all indentation positions in the BM region. It was found
that all of indentations were landed on or near the grain boundaries, as
illustrated in Fig. 7d. It is also noted in Fig. 6 that the size of the indents is
much smaller when compared to the dimension of the individual weld
zone. These observations indicate that the indentation load-penetration
depth (P-h) curve measured in this study is an exact indication of the
local elastic-plastic response of the weld zone materials.

The microstructure examinations and mechanical properties of the
identified regions in the weld zone are detailed below.

4.2. Microstructures in the weld zone

In order to seek for the correlation of the microstructures with the
mechanical properties in different regions of the SM490 steel weld
zone, microstructural examinations were performed in individual
weld zones. Fig. 8 shows the microstructures of BM, HAZ, and WM. As
can be seen from this figure, the microstructure of BM consists of ferrite
and pearlite bands that are settled along the grain boundaries of ferrite
(Fig. 8a}; while HAZ is composed of grain polygonal ferrite (PF) with the
majority of the sizes about 10 um and pearlite regions located at the cor-
ners of the ferrite grains. Some pearlite bands settled along ferrite grain
boundaries can also be observed from optical micrograph of HAZ
(Fig. 8b). It is interesting to note in Figs. 8a, b, and 6b that both pearlite
and ferrite grains in HAZ are different in shape and orientation as well as
more regular and much smaller in size when compared with those in
BM. The WM region in the present SM490 steel weld zone exhibits a
complex microstructure (Fig. 8c}, where some amounts of pearlite
surrounded by different types of ferrite grain. These types of grain are
allotriomorphic ferrite (&), Widmanstatten ferrite {y ), and acicular
ferrite (&), where the sizes of allotriomorphic ferrite are much larger
than others.

As indicated [33-35], during the welding, metallurgical changes take
place in weld zone. The HAZ represents regions in the close proximity of
the weld where the heat input during welding changes the microstruc-
ture without melting the steel (base metal). Due to the different pealc
heated temperatures, a gradient of microstructure in the HAZ is well de-
fined as a function of the distance from the fusion boundary. The regions
immediately to the fusion boundary are heated to very high tempera-
tures and hence transform completely to austenite at the upper critical
temperature (Acs) by about 100 °C. The austenite that forms is annealed
during heating beyond Acs, giving rise to a very coarse-grain austenite
zone. The austenite grain size decreases sharply with distance from
the fusion boundary. These austenite grains lead to the formation of
the coarse grained zone (CGZ) and fine grained zone (FGZ) of the final
microstructures, which is adjacent to the weld fusion zone and slightly
further away from the fusion boundary, respectively, as can be seen in
Fig. 6a. As the peak temperature decreases, regions of the HAZ further
away from the fusion boundary become only partially austenite during
the heating part of the thermal cycle. The part that does not transform
into austenite becomes tempered [33]. This causes the ferrite grains in
the final microstructure of HAZ region, which is further away from
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Fig. 7. Optical images of the Berkovich indentation in the weld zone.

fusion boundary and near the base metal, to be more regular and small-
er in size when compared with those in BM, as shown in Fig. 6b.

The fusion zone (weld metal — WM}, on the other hand, represents
both the deposited metal and the parts of the steel component melted
during the process, and is a solidification microstructure. During the
welding process, the peak temperature in this zone is much higher
than the upper limit of phase balance between G&-ferrite and
y-austenite, leading all ferrite and pearlite change to austenite. The
austenite grains then can form into many different phases of microstruc-
ture depending on the cooling rate, the detailed shape, and the size of the
austenite grains. During a medium-slow cooling rate as that used for the
present SM490 steel weld zone, allotriomorphic ferrite («) is the first
form on cooling the austenite grains below the Acs temperature. When
the layers of allotriomorphic ferrite reach a limiting thickness, the re-
maining austenite begins to transform to Widmanstatten ferrite (ayy).
On further cooling below Al the carbon-enriched regions between the
vy, grains transform to cementite or pearlite. Another reaction that can
occur in the WM at undercooling near to Al is the formation of acicular
ferrite (ex,) [33,34]. The microstructure of WM in the present SM490
steel weld zone consisting of v, oy, @, and pearlite is totally consistent
with the above reported results.

4.3, Disiributions of mechanical properties across the weld zone

The load-penetration depth curves (P-h) measured in the BM, HAZ,
and WM regions are presented in Fig. 9. For clarity, only one typical
curve at the middle position for each weld zone obtained from three
indentation series was presented in this figure. As shown in Fig. 9,
while the maximum penetration depth and the shape of P-h curves in
the same region obtained from three indentation series exhibit

relatively little variation, a significant variation exits between those in
different regions. This indicates that for the present weld zone, the in-
dentation response is not only reliable but also highly distinguishable
from the details of the metallurgical condition that resulted from the
welding process.

In terms of the experimental P-h curves obtained from the three in-
dentation series, the elastic modulus E and hardness H at each indenting
point were computed using Egs. (1)-(3), the yield strength o, and
strain hardening éxponent 1 at each indenting point in the BM region
were determined using the algorithm presented in Fig. 4, while oy and
n at each indenting point in the HAZ and WM regions were estimated
with the help of FE analysis results as presented in Section 3.3.

4.3.1. Distributions of elastic modulus and hardness across the weld zone

The elastic modulus £ and hardness H distributions across the weld
zone are illustrated in Fig. 10, where each data point is an average of
5 values at each indenting column. In this figure, the dotted lines in
WM and BM represent the average values of all data points in these re-
gions, while the dotted line in HAZ is the linear fitting of all values in this
zone.

As can be seen in Fig. 10, while various E and H values exhibit rela-
tively little variation in the BM and WM regions, a significant variation
and a gradient-distribution of the E and H values are found in HAZ for
all indentation series. In other words, the results obtained from all in-
dentation series show the same trend that WM has the highest values
of E and H, BM has the lowest £ and H values, while the £ and H values
in the HAZ region gradually decrease {rom the WM to BM region.
Table 2 presents the average values of F and H in the BM, HAZ, and
WM regions obtained from three indentation series. As seen from this
table, the average values of E and H obtained from three indentation
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(a) BM

(b) HAZ

(c) WM

Fig. 8. Micmstructures in the weld zone.

series are similar for each individual weld zone. These results and the
distributions of E and H values plotted in Fig. 10 indicate that the chang-
ing trends of E and H in the weld zone obtained from nanoindentation

Load (mN)
1
o

w1
o
'

0 500 1000 1500 2000
Penetration depth (nm)

Fig. 9. Typical indentation P-h curves in the weld zones.

are reliable, The variation in the E and H values across the weld zone
is mainly attributed to the changes of microstructures during the
welding, which will be discussed in the next subsection.

4.3.2. Distributions of yield strength and strain hardening exponent across
the weld zone

In application of the algorithm presented in Fig. 4 for determining
yield strength o, and strain hardening exponent n at each indenting
point in the BM region, the value of & = 13 .4 obtained from the tensile
tests of three SM490 steel specimens was used. The average values of
g, = 331.8 MPa, 0 = 344.0 MPa, and o, = 3424 MPaand n = 0.252,
n = 0.262, and n = 0.258 determined in BM region for indentation
series 1, series 2, and series 3, respectively, are presented in Table 3.

Fig. 11 shows the experimental curves at the middle indenting
column of HAZ and WM regions and their best fit simulated loading
parts of load-penetration depth curves. Note that the best fit curves
are quite easily chosen from the 576 simulated loading curves, of
which the penetration depth is in the wide range of 1520 to 1960 nm
at the applied load of 150 mN and the slope varies by material
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Fig. 10. Distributions of elastic modulus and hardness across the weld zone.

properties. Since the simulated curves are distinguishable from the
shape and the magnitude of penetration depth and a composite
behavior is always measured from each indentation test in this study,
the input data (E, 0y, n, and e} used for the best fit curves are accurately
indicated the elastic-plastic properties of material at the corresponding
indenting points. The avalue of the best fit simulated curve of ¢ = 10.0

Table 3
Average values of o, and n in the weld zones.
Series WM HAZ BM
a, (MPa) 1 403.3 3573 3318
2 400.1 3575 344.0
3 4083 367.9 3424
n 1 0.269 0.263 0.252
2 6.271 0.264 0.257
3 0.269 0.262 0.258

150
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_£ 100 - —o— Simulation-HAZ
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;— - Experiment-WM-52
g ----- Experiment-WM-S3
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Fig. 11. Comparison of the simulated and experimental load-penetration depth curves.

and o= 8.5 is considered as the representative o value for HAZ and WM
region, respectively. The obtained value of @ = 10.0 for HAZ indicates
that the change of microstructure in HAZ during welding process influ-
ences much on the @ value. This effect could be varied with different po-
sition along the HAZ region, however, the usage of o = 10.0 as
representative value for determining o, and n at all indenting positions
along the HAZ region would be acceptable due to the fact that the esti-
mated oy, and n just changes around 20% when e value of SM490 steel
increases from 7 to 23 [17].

Since @ = 10 and @@ = 8.5 are obtained for HAZ and WM regions, re-
spectively, the yield strength o, and strain hardening exponent n at
each indenting point in the HAZ and WM regions are then determined
using the proposed algorithm. The distributions of yield strength &,
and strain hardening exponent n across the weld zone are presented
in Fig. 12 with the same illustrated way as Fig. 10. It is interesting to
note in Fig. 12 that various g, and n values also exhibit relatively little
variation in the BM and WM regions except the distribution of n obtain-
ed from indentation series 3 (Fig. 12c), and a significant variation with a
gradient-distribution of the &, and n values are found in HAZ for all in-
dentation series. The distributions obtained {rom all indentation series
also show the same trend that WM has the highest values of o, and n,
BM has the lowest g, and n values, while the g, and n values in the
HAZ region gradually decrease from the WM to BM region. Note that
the average values of g, and n determined from three indentation series
are similar for each individual weld zone, as presented in Table 3. These
results and the distributions of 5, and n values plotted in Fig. 12 indicate
that the changing trends of o, and  in the weld zone obtained from
nanoindentation are reliable.

It is known that mechanical properties depend on the microstruc-
ture of materials [33-36]. Thus, the variation of the mechanical proper-
ties in the SM490 steel weld zone essentially results from the changes of
the microstructures in the weld zone during the welding. There are so
many aspects of microstructures that have an effect on the mechanical
behavior of weldements, and the formation of é-ferrite is one of the im-
portant elements [22,34]. The capacity of forming the &-ferrite depends
on the amount of a-ferrite on the material, the peak temperature in
heating, and the cooling rate [33,35]. In the present weld zone, it is
known thata lower wt.% C content of 0.12% leads to a higher amount
of a-ferrite in weld metal than that in base metal, which has the higher
wt.% C content of 0.16% (Table 1). On the other hand, during welding,
the peak temperature occurs in the fusion zone (weld metal} and all
a-ferrite form of &-ferrite. Even though during cooling, the transforma-
tion of &-ferrite to a-ferrite occurs, it is believed that the remaining &-
ferrite in weld metal is still higher than that in base metal. The higher
amount of §-ferrite and its many transformed phase boundaries may
be responsible for the greater strength, strain hardening exponent,
and hardness in the weld metal than those in the base metal, while
the slight higher elastic modulus in weld metal may be attributed to
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Fig. 12. Distributions of yield strength and n across the weld zone.

the “high stiffhess ferrite” phase, which was discussed in the previous
works [12,13].

Concerning the HAZ regions of the present weld zone, the higher
mechanical properties (E, H, oy and n), when compared to base metal,
might be attributed to the smaller and more regular in size of ferrite
and pearlite grains in this zone than in base metal. The grain size and
grain shape of the microstructure were demonstrated to have signifi-
cant influence on the mechanical properties of structural steel
[33-39]. Li et al. [39] also reported that the improvement of the
mechanical properties in a 490 MPa grade steel (0.148 wt% C content)
during controlled rolling and the cooling process attributed mainly to
the ferrite-grain refinement and pearlite morphology. In the present
weld zone, the gradient of mechanical properties (E, H, oy and n} within
HAZ (Figs. 10 and 12) is associated with the increase of grain sizes from
the fine grained zone to the interfacial region between the HAZ and BM.
In other words, the microstructure gradient resulting from the

metallurgical changes during the welding process causes a gradient of
mechanical properties within the HAZ. The severe property gradient
in HAZ indicates that the other approach for determining mechanical
properties, such as tensile test using mini- or micro-specimens extract-
ed from the weld zone, can only provide an averaged mechanical
measurement of the entire HAZ due to the fact that the dimension of
the micro-tensile specimen is usually much larger than the size of
microstructure. Thus, the nanoindentation test would provide an
appropriate approach for investigating the mechanical properties of
the structural steel weld zone.

4.4. Verification of the obtained mechanical properties in the weld zone

In order to verify the mechanical properties results estimated from
nanoindentation, Table 4 provides a comparison of E, &y, and n in BM
with those observed from the tensile tests of three specimens, N1, N2,
and N3. It can be seen from this table that £, &, and n in BM determined
from nanoindentation are in good agreement with those obtained from
the tensile tests of three SM490 specimens, although the former is
slightly smaller than the latter, which may be attributed to experiment
errors of the indentation test [14,17] or the size-dependence of the
present indentation measurements [32].

An additional comparison was also performed in order to verify the
results of elastic modulus in HAZ and WM regions estimated from nano-
indentation. In this comparison, the welded specimen of the tensile test
is considered as a tensile composite made of three materials, BM, HAZ,
and BM, in series with the corresponding modulus value of Eppy, Epyaz,
and Ewy, respectively. Since the section area of BM and HAZ are
identical (A}, and the section area of WM in the weld zone can be ap-
proximately measured (AA), the equivalent modulus of the composite
(Eeq) can be computed as follows:

_ M EpnEpazEwn s)
ALaiEnazEws + LuazEpmEwn) + LyvnEanEnaz

Eey

where Lgys, Liaz and Ly 1s the length of BM, HAZ, and WM, respective-
ly, while L = Lgys + Lyaz + L is the length between two gauges in the
tensile tests of the welded specimen. Since the length of WM (Lyy) and
HAZ (Lgaz) can be approximately measured, and the composite length is
known, the equivalent elastic modulus of welded specimen is easy to
obtain. Table 5 presents the equivalent modulus values of the composite
computed {rom Eq. (5) using elastic modulus values of BM, HAZ, and
WM obtained from three indentation series and elastic modulus obtain-
ed from the tensile test of three welded specimens, together with their
average value. There it can be seen that the equivalent elastic modulus
values computed using Eq. (5) based on the nancindentation results
are close to the average value of elastic modulus obtained from the ten-
sile tests, with a relative error within +7.5%. Concerning the yield
strength in WM, it has been reported that the yield strength of a Fe-
1Mn-C steel weld deposit using manual metal arc welding (1 kJ/mm)
is around of 425 MPa in case of 0.12 wt.% carbon content [33-35]. The

Table 4
Mechanical properties of SM490 steel obtained from tensile tests and nanoindentation.
Mechanical properties E (GPa) o, (MPa) n
Tensile tests N1 2123 3537 0.267
N2 2108 3526 0.268
N3 212.1 3543 0.262
Ave. 2117 3535 0.266
Indentation tests Series 1 152.5 3318 0.252
Zerr. —g9.1% —6.1% —53%
Series 2 201.2 344.0 0.257
#err. —5.0% —2.7% —34%
Series3 188.0 3424 0.258
Zerr. —6.5% —31% —3.0%

* All errors were computed as (X — Xuye )/Xave. Where X represents a variable,
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Table 5
Equivalent elastic modulus in the weld zone.
E (GPa)
Tensile tests W1 2149
W2 2186
W3 2151
Ave, 216.2
Equivalent elastic modulus value Serjes 1 200.1
% elr. —74%"
Series 2 207.4
Xerr. —4.1%
Series 3 2049
% err. —5.2%

* All errors were computed as (X — Xupe )/Xave, Where X represents a variable.

yield strength values obtained from three indentation series of g, =
400.1-408.3 MPa in WM, which has 0.12 wt.% C (Table 1} are consistent
with the reported value. In regard to hardness values listed in Table 2,
the range of H = 2.78-2.86 GPa, H = 2.62-2.66 GPa,and H = 2.42-
2.53 GPa, corresponding to the range of H = 222-232 HV, H =
240-244 HV, and H = 255-262 HV, are representative of the hardness
of WM, HAZ, and BM, respectively. These hardness results are in good
agreement with related literature [5-7]. The good comparisons and re-
sults above suggest that the mechanical properties of the present
SM490 steel weld zone determined from nancindentation are reliable.

5. Conclusion

Based on the representative methods to extract the basic mechanical
properties of structural steel incduding elastic modulus, hardness, yield
strength, and strain hardening exponent from the load-penetration
depth curve of indentation test and finite element analysis, an approach
for determining such mechanical parameters across SM490 steel weld
zone has been proposed. Nanoindentation, tensile tests, finite element
(FE) analysis, and optical microscopy observation were carried out. The
experimental and analysis results support the following conclusions:

1. Nanoindentation with the aid of finite element analysis provides an
appropriate approach for determining the basic mechanical proper-
ties (E, H, &, and n) of structural steel weld zone. While the conven-
tional method is used to extract £ and H in the weld zone, the
proposed algorithm is used to determine &, and n in the BM, the
results of FE analysis allows obtaining the representative ¢ value of
HAZ and WM regions, which are used to estimate oy and n in the
HAZ and WM regions of the weld zone.

2. For the present weld zone, the value @ = 13.4 obtained from the ten-
sile tests of SM490 steel is used as & value of BM region and the value
o = 10.0 and @ = 8.5 estimated based on FE analysis results is used
as representative « value of HAZ and WM region, respectively. The
distributions of mechanical properties across the weld zone are de-
termined and the results show that the weld metal (WM} has the
highest values of mechanical properties (E, H, &, and n), the base
metal (BM) has the lowest mechanical properties values, while the
mechanical properties values in the HAZ region gradually decrease
from the WM to BM regions.

3. The microstructure of BM and HAZ consist of ferrite and pearlite.
Both pearlite and ferrite grains in HAZ are different in shape and ori-
entation and much smaller in size compared with those in BM. The
smaller and more regular in size of ferrite and pearlite grains in
HAZ are mainly responsible for the higher mechanical properties
values in HAZ when compared to those in BM, while the higher
amount of é-ferrite and its many transformed phase boundaries
may be responsible for the higher mechanical properties values in
WM when compared to those in BM.
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Appendix A

Table A1

Coefficient .
(k1) G

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

(1.1} —1.710E—-1 1.628E+0 1.144E+2 —4.574E+1
(2,1) 1.385E—2 —1.185E—1 2.855E—1 —1.643E—-1
3.1} —4.231E—4 3.903E—-3 —5.428E-3 5.243E—-3
(1,2) 9.840E+0 7.973E+0 5.240E+1 —6.180E+1
(2,2) —1183E+0 2.573E+0 —5.862E+0 3.952E+0
(3.2) 3.876E—2 —1420E—-1 1.858E—1 —5.743E—-2
(1.3) —1.186E+2 5.892E+2 —S.072E+2 4.656E+2
(2,3) 1.194E+1 —5351E+1 5.441E+1 —1.804E+1
3.3) —3417E-1 1.631E+0 —1443E+0 2.175E—1
(1,4) 1.081E+2 —4.180E+2 4.267E+2 —2408E+-2
(2,4) —1.843E+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.J) by

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

(1,1 —G.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} 9.840E—1 —1477E+1 6.723E+1 —0.676E+1
(2,2) —6.638E—2 §.160E—1 —3.909E+ 0 5367E+0
3.2) 1.877E-3 —2.618E—-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 2.787E+1 —4.112E+1
(3,3) —1324E-2 1.911E—-1 —8.782E—-1 1301E+0
(1. 4) 4.871E+0 —7.309E+1 3440E+2 —5.160E+2
(2,4) —5.777E—-1 8.394E+0 —3.875E+1 5.745E+1
(3.4) 1.875E—2 —2.718E—1 1.257E+0 —1.87CE+C
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Room-temperature low-cycle fatigue (LCF), instrumented indentation, tensile tests, finite element (FE)
analysis, and optical microscopy examinations were carried out to investigate the mechanical properties
and microstructures in the weld zone of a structural steel, SS400, in cyclic loading conditions. Five in-
dentation arrases were performed across the weld zone of five specimens, including one virgin specimen
and four specimens subjected to LCF loading at different strain levels. The mechanical properties, such as
elastic modulus E, yield strength oy, and strain hardening exponent n, were then estimated from in-
dentation testing and FE analysis results. The obtained results and optical microscopy examinations show
that the mechanical properties and microstructures in the individual region of the weld zone are not only
decided by the metallurgical conditions resulting from the welding but also were highly influenced by
the strain level applied during cyclic loading. In the as-welded condition, the values of elastic modulus,
yield strength, and strain hardening exponent in the weld metal (WM) are higher than those in the base
metal (BM), while materials in heat affected zone (HAZ) reveal a gradual decrease of elastic modulus,
yield strength, and strain hardening exponent values from the WM to BM region. It is also shown that
with increasing strain amplitudes during cyclic loading, the elastic modulus E displays decrease in all
regions of the weld zone, both yield strength o, and strain hardening exponent n exhibit decreasing
characteristic in WM and increasing characteristic in BM region, while the yield strength in HAZ region
increases, the strain hardening exponent in this region keeps almost unchanged. The dependence of the
mechanical properties on the applied strain level is also discussed in terms of microstructural changes in
fatigue failure specimens.
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1. Introduction on various metallurgical factors during welding but also are in-
tensively influenced by service conditions such as the environ-
ment, temperature, state of stress imposed, loading history [2,3].

For steel structures operating under dynamic or alternating load-

Structural steels are widely used materials in civil and in-
dustrial building construction and other structural applications

because of the advantageous features such as low cost and ex-
cellence in terms of machinability and weldability. In the usage of
structural steel, welding has been considered to be an efficient
method to form strong joints that allow transferring loads be-
tween steel components [1]. During the welding process, the mi-
crostructural changes affect mechanical properties in the fusion
zone (weld metal-WM) including elastic modulus E, yield strength
oy, strain hardening exponents n, hardness H, and lead to the
difference of these properties between base metal (BM) and heat
affected zone (HAZ) of the structural steel weld zone. It has also
been indicated that the properties of these zones not only depend

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

http://dx.doi.org/10.1016/j.iimecsci.2016.05.021
0020-7403/© 2016 Elsevier Ltd. All rights reserved.
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ing conditions, the progressive deterioration with the service
times of service properties, especially the mechanical properties,
has been considered notable [4]. The residual fatigue life studies of
existing steel structures in service conditions generally include the
assessment of fatigue damage. Such assessment is frequently
performed by quantitatively measuring the deterioration of ma-
terial mechanical properties such as the ultimate strength, elastic
modulus, toughness, hardness, and cross section area reduction
[5-7]. Therefore, it is essential to investigate the mechanical
properties for both the designs of the welded joints against fatigue
failure and the integrity assessment of structural steel members
that have a welded joint, including elastic modulus, hardness,
yield strength, and strain hardening exponent in the structural
steel weld zone, as well as their variation during fatigue loading.
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Table 1

Chemical compositions of steel and electrode (in wt%).
Material C Si Mn P S Al Ca Cu
55400 005 0037 046 0013 0002 0044 00017 -
ER705-6 0.04 092 045 0011 0015 - - 02

109.0 . 109.0

103.0 |120] 103.0

1500

Fig. 1. Double-V groove butt welding plate.

Numerous methods for determining the mechanical properties
(E, oy, and n) in different zones of steel welded joints have been
reported [8-18]. For instance, methods to characterize the prop-
erties in welded joint using mini- or micro-tensile specimens
testing were used for steel and aluminum [8-10|. However, it has
been recognized that preparing mini- or micro-tensile specimens
from the welded joints is a rather difficult task due to the small
size of joint zones [8]. The method allowed obtaining the material
properties relative to different zones of welded joints by hardness
measurements using the ultrasonic contact impedance (UCI) was
used for $S235JR mid steel [11]. In this method, the stress-strain
curves relative to different zones of welded joints can be drawn
based on ultimate strength ¢, and yield strength o, values calcu-
lated from the corresponding measured HB hardness using ap-
proximate equations and assumptions that elastic modulus E and
horizontal plastic plateau were unchanged in the joint zones.
These approximated equations and assumptions may affect the
accuracy of the obtained stress-strain curves. Among reported
methods, instrumented indentation testing (ITT) has been con-
sidered as a promising method in practical applications due to its
fast, precise and nondestructive merits, and it allows determining
various mechanical properties including elastic modulus, hard-
ness, yield strength, strain hardening exponent, facture toughness
[12-18]. For example, indentation tests and finite element (FE)
analysis were used to investigate the mechanical properties of
DP590 steel weld zone [13], spherical indentation was utilized to
measure local mechanical properties of welded stainless steel
SUS316L at high temperature [15], and micro-indentation and in-
verse modeling were applied to determine mechanical properties
of the weld line of two typical dual phase high strength steels
DP600/DP980 [16]. Recently, ITT and FE analysis were conducted
to investigate the mechanical properties (E, H, oy, and n) in the
weld zone of two structural steels SM490 and SS400 [17,18].
Concerning the steel welded joints subjected to low-cycle fatigue
loading, the literature on fatigue analysis was well reviewed in
[19,20]. In addition, it had been found that combination of full-
field techniques (digital image correlation and infrared thermo-
graphy), hardness measurements using UCI method, and FE ana-
lysis can be used to analyze the welded joints under low-cycle
fatigue loading [21]. However, ITT was also demonstrated to be an
appropriate approach for investigation of steel welded joints un-
der low-cycle loading by successfully applying to study the local
mechanical properties and microstructures in individual zone of
304L SS welded joint in both as-welded and cyclic loading con-
ditions [22].

(b) Test arrangement

(c) Side view of a specimen on the testing machnine

Fig. 2. Specimens and the installation of low-cycle fatigue tests. (a)Welded speci-
mens. (b) Test arrangement. (c) Side view of a specimen on the testing machine.

Fig. 3. Five samples for instrumented indentation tests.
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4<— Symmetric axis
<— Rigid indenter

Fixed along with the line

Fig. 4. FE model of indentation test.

Table 2
Elastic modulus values used for regions of weld zones in FE analyses.

SO (£,=0.0%) S1(eq=04%) S2 (£,=0.6%) S3 (6q=08%) S4 (e,=1.0%)

WM 215 210 210 200 210

HAZ 210 200 200 190 190

BM - 200 190 180 180
400

€
350 +

300

250 —o—LCF1(0.4%)

Stress amplitude, oo (MPa)

—0—LCF2 (0.6%)
200 { —4—LCF3{0.8%)
—0—LCF4 (1.0%)
150 T
1 10 100 1000 10000

Number of cycles, N

Fig. 5. Cyclic stress response curves.

The aim of this study is to investigate the effect of low-cycle
fatigue loading on the microstructures and mechanical properties
(E, oy, and n) in the weld zone of a structural steel, SS400, by using
instrumented indentation testing. For this purpose, low-cycle fa-
tigue, instrumented indentation, tensile tests, FE analyses, and
optical microscopy examinations were carried out on SS400 steel
double V groove butt welds. The mechanical properties in the
weld zone in both as-welded and low-cycle fatigue loadings were
extracted from indentation load-depth data using the proposed
method [23] with the aid of FE analysis, the microstructures were
observed, and the effect of low-cycle fatigue on the micro-
structures and mechanical properties in the weld zone was
investigated.

2. Experimental details
Base plates of structural steel SS400, 12 mm in thickness, were

welded by manual metal arc welding using ER 70S-6 electrode.
The actual chemical composition in percentage weight of steel and

electrode are listed in Table 1. The weld was completed with a
voltage of 22 V and a current of 100 A in a configuration of double-
V groove. The dimensions of the weld portion are 12 mm in width,
without a root gap, as shown in Fig. 1.

Experiments in this study consist of constant amplitude low-
cycle fatigue (LCF) tests of SS400 welded specimens, instrumented
indentation tests across the weld zone of as-welded and fatigue
failure specimens, optical microscopy examinations, and tensile
tests of steel and welded specimens, which are described below.

For low-cycle fatigue tests, four welded specimens, labeled as
LCF1, LCF2, CLF3, and LCF4, were taken directly from the middle of
the welded plate in such a way that the weld zone containing base
metal, heat affected zone and weld metal portions was located at
the middle of 24 mm gauge length of each specimen. It is noted
that these specimens taken from the middle of the welded plate
may display similar residual stress variation across the weld cen-
terline [24]. Since residual stress is not taken into account in this
study, such a similar stress variation across the weld centerline of
welded specimens may minimize the effect of residual stress on
the investigated results, which are the evolution of microstructure
and mechanical properties in the weld zone during low-cycle fa-
tigue. Fully reversed, push-pull, total strain-controlled axial low-
cycle fatigue tests were performed at room temperature on SS400
steel welded specimens using a MTS fatigue testing machine. The
specimens were prepared and the tests were conducted according
to ASTM standard [25]. The tests were carried out at four strain
amplitudes &, of +04% +0.6% +0.8% and +1.0% corre-
sponding to four specimens LCF1, LCF2, LCF3, and LCF4, respec-
tively, at a constant strain rate of 1 x 103 s 1 It is noted that even
the strain may not be constant due to the different mechanical and
microstructure across the weld zone, the changes of mechanical
properties and the microstructure evolution in the weld zone
under low-cycle fatigue loading can be evaluated based on the
constant total strain applied over different zones of the weld [22].
In this study the fatigue life (Ny) of the welded specimens is de-
fined as the required number of cycles to reduce the maximum
stress (omax) to a value of ¥4 times of the maximum stress experi-
enced in the steady-state cycle. Fig. 2 shows (a) the welded spe-
cimens, (b) test arrangement, and (c) side view of a specimen on
the testing machine.

For instrumented indentation tests, five samples were cut out
from the as-welded plate (labeled SO) and four fatigue failure
specimens (labeled S1, S2, S3, and S4 corresponding to LCF1, LCE2,
LCF3, and LCF4, respectively) by water-jet. All samples with the
length of 20 mm containing BM, HAZ, and WM regions were then
mounted in epoxy and polished with different silicon carbide pa-
pers, poly diamond particles, and colloidal silica in order to obtain
a flat, smooth surface. This procedure was achieved in seven stages
of increasing fineness, with the last in the range of 40 nm ac-
cording to ASTM E3-01 standard [26]. Fig. 3 shows the samples
after being mounted and polished. Instrumented indentation tests
were performed at room temperature using a Nano Hardness
Tester machine made by the Swiss Center for Electronics and
Microtechnology. The machine operation conforms to the ASTM
E2546-07 standards [27]. The Berkovich indenter made of in-
dustrial diamond with an elastic modulus of 1141 GPa and Pois-
son’s ratio of 0.07 was employed. In all indentation tests, a tra-
pezoidal load history was applied, defined by a maximum load of
200 mN, a loading time of 30s, an unloading time of 30s, and
without holding time, corresponding to 400 mN/min of loading
and unloading rate. On each sample, an indentation array con-
sisting of 5 rows and 26 columns of indenting points across the
weld zone was performed. The indenting regions of each in-
dentation array contained portions of base metal, heat-affected
zone, and weld metal. To reveal the microstructure, the polished
samples were etched for 40 s with 2% nital in the case of as-
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Fig. 6. Hysteresis loops at different strain amplitudes.

welded sample and for 45 s with Villela's reagent in the case of
fatigue failure samples. The microstructures were then observed
by optical microscopy (OM).

For tensile testing, six specimens, including three specimens of
55400 (labeled N1, N2, and N3) and three welded specimens (la-
beled W1, W2, and W3), which were taken directly from the
welded plate, were prepared according to ASTM standard [28].
Specimens of $5400 have the same thickness of 12 mm as welded
specimens. The tests were carried out using an Instron tensile
testing machine and tested according to ASTM standard [28].

3. Determination of mechanical properties in the weld zone
from indentation test data

The procedure for determining the mechanical properties (E, oy,
and n} in the weld zone of structural steel, which show plastic
plateau in their constitutive equations, from load-penetration
depth curve of Berkovich indentation was well established and
successfully applied to investigate mechanical properties in the
weld zone of two common used structural steels 55490 and 55400
[17,18]. This procedure can be summarized into the following
steps:

(1) Obtain the maximum applied load P,,, maximum penetration
depth by, and residual impression depth h; directly from P-h

curve.
(2) Fit the unloading force P, as a power-law function [29]:
B = B{hw — b )" M

where B and m are fitting parameters.
(3) Calculate the contact stiffness S from the following equation
[29]

-1
S= (dPu/dh)|hm — mB{fim— h)" 2

(4) Calculate the contact depth h, as follows [29]
fre = B — e*BnfS 3

where £*=0.75 for sharp indenters.
(5) Calculate the projected area of contact ¢, as follows [29]

A = 24.5h2 “)
(6) Extract the elastic modulus E from the following relations
[29]
g, _ %S
28 JAc )
1-s2 1-z2T"
E = + -
' { E E ] 6)

where E; is the reduced modulus, £ is the correlation factor
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for indenter shape (=1.034 for a Berkovich indenter), E, v, E;
and v; are the elastic modulus and Poisson’s ratio of the
sample and indenter, respectively.
(7) Calculate E from the following equation:

Ef=[(1-o2)E]"

(8) Obtain the a value of BM region from the tensile test of steel
specimen, where « is the ratio of strain at the starting-point
of strain hardening & to the initial yield strain &,

(9) Estimate the representative « value of HAZ and WM regions
by correlating the representative experimental with the si-
mulated load-penetration depth curves.

(10) Calculate ¢, and n from the following relations:

@)

o443 pry-1

ol LXr X ai}'kn]_lak_l(%)

Y =1 =1 k=l ®
= bijknf—la"-l[ln(—’ﬂ

Efhn i=1 j=1k=1 9y )

where ag and by are coefficients (Appendix A).

The further details of the procedure can be found elsewhere
[17,18].

In this study, due to the effect of low-cycle fatigue loading, the
representative o value of BM, HAZ, and the WM regions in the
weld zone of the fatigue failure samples could differ from the
corresponding values in the virgin weld zone, and these values
need to be estimated (step 9). For this purpose, the set of simu-
lated load-penetration depth curves for the weld zones of SS400
steel and fatigue failure samples were prepared using the finite
element (FE) analysis program ABAQUS |30, and FE analyses were
conducted with various combinations of materials parameters (a,
oy, n, v, and E) as input data. Due to the fact that a conical indenter
with a semi-apical angle of #=70.3° has the same projected area-
depth functions as the Berkovich indenter used in the indentation
tests and the P-h responses of the conical and Berkovich in-
dentations obtained from finite element analysis using ABAQUS
were demonstrated to be virtually identical for micro- or nano-
scale [31,32], a conical indenter was simulated instead of a Ber-
kovich indenter in order to reduce the complexity and analysis
time. Considering symmetric conditions, an axisymmetric two-
dimensional FE model was developed to simulate the indentation
process. The sample was modeled using 8576 four-node bilinear
axisymmetric quadrilateral elements, as shown in Fig. 4. The de-
veloped FE model was also demonstrated to be accurately simu-
lated by verifying with the experimental result [23]. The details of
FE model can be found in the previous works [17,23]. After a
special attention to a, oy, and n values in BM region of virgin weld
zone and to E values in all regions of all weld zones were paid and
some prior analyses were performed in order to minimize the
necessary number of FE analyses, a total of 1320 combinations of
appropriate material parameters were chosen to be analyzed. The
ranges of &, gy, 1, v, and E for these combinations were as follows:
o varied from 8 to 18 (for every 1.0); ¢, varied from 310 to 450 (for
every 20 MPa); n varied from 0.185 to 0.205 (for every 0.01); the
Poisson's ratio was fixed at 0.3 for all analyses; and five E values,
which were chosen based on the obtained E value in each region of
all weld zones in such a way that the number of E values was
minimum and the derivation between the used and obtained E

145

v

(a) Across WM and HAZ regions

Loy 5 S G
(b) Across HAZ and BM regions
Fig. 7. Optical micrograph of indenting points across the weld zone of fatigue

failure specimen S1 (g,=0.4%). (a) Across WM and HAZ regions. (b) Across HAZ and
BM regions.

value in each region was less than 5 MPa, were used, as listed in
Table 2. Noted that small derivation of 5 MPa corresponding to a
relative error within + 3% would not affect much on the estimated
value of a. The loading part of load-penetration depth curves,
calculated up to 200 mN of applied load, was compared with the
experimental one to determine the o value of each region in all
weld zones. To reduce the complexity, only the load-penetration
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Fig. 9. Variation of maximum penetration depth across the weld zones.

depth curve at the middle indenting column of each region was
used for comparison. Once a value of each region of all weld zones
was estimated, the yield strength and strain hardening exponent
in the weld zones could be determined following step 10.

4. Experimental results

4.1. Low-cycle fatigue tests and indentation load-penetration depth
curves

The results of low-cyde fatigue tests carried out at four dif-
ferent total strain amplitude are presented as the cydlic stress

-1

response curves obtained by plotting the cyclic stress amplitude,
which is determined by averaging the maximum tensile stress and
compressive stress in a hysteresis loop, versus the number of cy-
cles in a total strain — controlled fatigue test, as illustrated in Fig. 5.
These curves illustrate the path by which the material arrives at
the final cyclic flow stress level [33], represents the variation of
stress response of the material during cycling, and can include
regimes of hardening, softening, and saturation.

As can be seen from Fig. 5, the cyclic stress response of the
present weld zones is dependent on the strain level and can be
separated into two circumstances, as follows: (1) at strain ampli-
tude of 0.4%, the material exhibited continuous and gradual soft-
ening followed by a saturation, which persisted until fracture; and
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(b) HAZ

Fig. 10. Microstructures in the virgin weld zone. (a) BM. (b) HAZ. (c) WM.

(2) at strain amplitude larger than 0.6%, the initial mid softening
was followed by a region of nearly stable stress response, a very
small hardening, and then a slight secondary hardening up to the
final failure. The relative proportion of each of above regimes is
found to be dependent on the cyclic strain amplitude or in the
other word, these proportions depend on the initial micro-
structure and also the microstructure changes took place during
cycling, which are governed by strain amplitude. Fig. 6 shows the
stress-total strain hysteresis loops including the first, the steady-
state, and the end cycles for four different strain amplitudes.

Concerning the microstructure and mechanical properties in
the weld zone of fatigue failure specimens, the region of each in-
dividual weld zone is first identified, the corresponding micro-
structures are examined, and the mechanical properties in each
individual weld zone are then determined from the load-pene-
tration depth curves. Fig. 7 presents the optical micrographs of
representative parts of indentation impressions across the weld
zone of fatigue failure specimens. This figure allows identifying the
BM, HAZ, and WM regions in each weld zone as well as their
approximate dimensions. The identification showed that each in-
denting region consisting of 5 x 26 points covered a length of
5.0 mm across the weld zone including approximately 2.3 mm of
the HAZ region. In Fig. 7, the larger enough size of indents com-
pared to the grain sizes and much smaller size of indents com-
pared to the dimension of the individual weld zone ensure that a
composite behavior always be measured instead of the grain in all
regions of the weld zone and the indentation P-h curve exactly
manifests the local elastic-plastic response of the materials in the
weld zone [18].

Fig. 8 shows typical load-penetration depth curves (P-h) mea-
sured in the BM, HAZ, and WM regions of the SS400 as-welded
steel and specimens cycled to failure at two representative low
and high strain amplitudes of + 0.4% and + 1.0%, respectively. As
can be seen from this figure, the magnitudes of the P-h curves
change significantly with the individual weld zone for both as-
welded and fatigue failure specimens. For as-welded specimen,
the maximum penetration depth in BM is larger than in HAZ,
while the depth in WM is smallest. For the fatigue failure speci-
mens, with increased strain amplitudes, maximum penetration
depth as well as the residual depth tends to decrease, while the
curvature of loading parts shows increasing characteristics for all
regions of the weld zone. These observations signify that for the
present weld zone, the indentation response is not only highly
sensitive to the details of the metallurgical condition that resulted
from the welding process but also sensitive to the strain amplitude
applied during low-cycle fatigue loadings.

Fig. 9 presents the variation of the averaged maximum pene-
tration depth at indenting columns across the weld zone of all
specimens. The larger variation of the depth in BM due to the low-
cycle fatigue loading compared to that in HAZ indicate that for the
investigated weld zone, low-cycle fatigue loading has stronger
influence on the BM than that on the HAZ, whereas the smallest
variation of the depth in WM indicates that this region is fewest
influenced by this loading. The microstructure examinations of
identified regions and mechanical properties obtained from in-
dentation P-h curves in the weld zones are detailed below.
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(c) WM

Fig. 11. Microstructures in the weld zone of fatigue failure specimen S1 (,=0.4%). (a) BM. (b) HAZ. (c) WM.

4.2. Microstructure evolution during low-cycle fatigue

Fig. 10 shows a typical microstructure of the base metal (BM),
heat affected zone (HAZ), and weld metal (WM) of S400 steel weld
zone in the as-welded condition. The observed microstructures of
BM and HAZ consist of approximately 6 vol% pearlite (darkest
contrast) and the remainder is ferrite with different levels of re-
flective color brightness. It is seen in Fig. 10a that the size of ferrite
grains in BM is various in the range of 20-60 pm, while the ferrite
grains in HAZ (Fig. 10b) are more regular and relatively smaller
when compared with that in BM. Some pearlite colonies equally
distributed over the darker ferrite grains are also observed in BM
and HAZ. The WM region has a more complex microstructure with
different types of ferrite including allotriomorphic ferrite (a),
Widmanstatten ferrite (o), and acicular ferrite (a,), as shown in
Fig. 10c. Few pearlite colonies at the ferrite grain boundaries can
also be observed in this figure. Figs. 11 and 12 present the re-
presentative microstructures in the weld zone of fatigue failure
SS400 steel tested at low and high strain amplitude of + 0.4% and
+ 1.0%, respectively. At low strain amplitude of +0.4%, the quite
regular and large ferrite grains changes apparently to irregular
with ragged grain boundaries in both BM (Fig. 11a) and HAZ
(Fig. 11b), leading to a microstructure with smaller ferrite grain
sizes in these regions compared to those in the virgin weld zone.
Additionally, some carbides and oxides can be found on the grain
boundaries in microstructures of BM, while few granular ferrite
grains can be observed in microstructure of HAZ, as seen in Fig. 11a
and b, respectively. In the WM, the equiaxed (polygonal) ferrite

and few massive grains, together with some small amount of
pearlites are formed (Fig. 11c). At high strain amplitude of + 1.0%,
the microstructures of BM and HAZ are formed in a similar mor-
phology, in which the boundaries of granular ferrite become dif-
ficult to see and the dot-like dispersed islands appear in the ma-
trix, as shown in Fig. 12a and b. The microstructure of WM is a
complex structure of polygonal ferrite, massive ferrite, and gran-
ular ferrite, as presented in Fig. 12c.

As indicated in the previous work [18], the formation of more
regular and smaller sizes of ferrite grains in HAZ when compared
to that in BM as well as the formation of different types of ferrite
grains in WM of SS400 steel weld zone was clearly pointed out to
be completely consistent with the results reported in the literature
[34-36]. In this study, the microstructure observations in the vir-
gin weld zone are similar to the microstructure examination re-
sults obtained from the same weld zone in the previous work [ 18],
and also agreed well with the reported results from a similar low
carbon steel weld zone with 0.053% C [37]. As is pointed out in
numerous investigations of steels [4,38-40], plastic deformation
creates a large number of line defects (dislocations), including
dislocation-dislocation interaction (working hardening) and dis-
location-precipitate interaction (precipitation strengthening), and
surface defects (grain boundaries) during cyclic loading. When
subjected to shear forces, the dislocations travel from the one layer
of atoms to another as the shear stress increase. Slipping of all the
atoms simultaneously would take enormous forces, which is not
explained by the much lower yield strength of metals and a dis-
location may be obstructed in its movements by atoms of alloying
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Fig. 12. Microstructures in the weld zone of fatigue failure specimen S4 (e,=1.0%). (a) BM. (b) HAZ. (¢) WM.

elements or point defects, by stationary dislocations and grain
boundaries or by other defects. More force is then required to
overcome the obstruction and with further increase in stress the
dislocation may get curved inward, ultimately transforming into a
ring dislocation and a new location at the initial points. Thus, this
becomes a source of production of dislocations. Surface defects are
the irregular arrangements of atoms at the grain boundaries. Thus,
these defects lead to the formation of such microstructures in the
fatigue failure weld zones described above, in which the size of
grains is smaller with the increase of applied strain amplitude.

4.3. Mechanical properties changes during low-cycle fatigue

Fig. 13 shows the experimental curves at the middle indenting
column of HAZ and WM regions in all weld zones and the curves
at the middle indenting column of BM regions in the weld zone of
fatigue failure specimens, together with their best fit simulated
loading parts of load-penetration depth curves. Note that the best
fit curves are quite easily identified from the 1320 simulated
loading curves, of which the penetration depth is in the wide
range of 1730-2640 nm at the applied load of 200 mN and the
slope varies by material properties. Since the simulated curves are
distinguishable from the shape and the magnitude of penetration
depth and a composite behavior is always measured from each
indentation test in this study, the input data (E, gy, n, and a) used

for the best fit curves are accurately indicated the elastic-plastic
properties of material at the corresponding indenting points. The
a value of the best fit simulated curve for each region of the weld
zones, as listed in Table 3, is considered as the representative o
value for this region. As can be seen form Table 3 that o value is
influenced by both welding process and low-cycle fatigue
loadings.

Considering the estimated a values in Table 3 as the re-
presentative « value for each region in the weld zones, the yield
strength o, and strain hardening exponent n at each indenting
point in each region can then be determined using Eq. (9) and (10).
The elastic modulus E, yield strength ¢,, and strain hardening ex-
ponent n across the weld zone in the as-welded condition (virgin
weld zone) obtained from the indentation tests are presented in
Fig. 14, in which an average of 5 values at each indenting column
and error bar of a standard deviation are plotted as a function of
the indenting columns. In this figure, the dotted lines in WM and
BM represent the average values of all data points in these regions,
while the dotted line in HAZ is the linear fitting of all values in this
zone.

As can be seen in Fig. 14, the distribution trend of the me-
chanical properties across the virgin weld zone in this study is
consistent with the results obtained from the same weld zone
reported in the previous work [18]. The trend is that WM has the
highest values of elastic modulus, yield strength, and strain
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weld zones.

Table 3
Estimated « values for WM, HAZ, and BM in weld zones.

50 (4= 0.0%) 51 (24=0.4%) 52 (e4=0.6%) 53 (4= 0.8%) 54 (4= 1.0%)
WM 9.0 8.0 8.0 8.0 80
HAZ 150 12.0 120 100 9.0
BM 18.1° 15.0 130 1.0 100

* Obtained from tensile test of 55400 steel.

hardening exponent, BM has the lowest elastic modulus, yield
strength, and strain hardening exponent values, while the prop-
erties values in the HAZ region gradually decrease from the WM to
BM region. Concerning the average values of mechanical proper-
ties in the BM, HAZ, and WM regions obtained from indentation
tests, these values are listed in Table 4, together with corre-
sponding values reported in the previous work [ 18]. As seen from

this table, the mechanical properties in the virgin weld zone de-
termined in this study are also consistent with the properties
obtained in the previous work with very small relative errors.
Since the results in the previous work were verified to be reliable
by comparing with the results from experiments and FE analysis of
tensile tests of steel and welded specimens [18], the results of
mechanical properties estimated from the indentation tests in this
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Table 4
Average values of mechanical properties in the virgin 55400 steel weld zone.

Virgin 55400 steel weld zone Present study Previous study [19] Err. (%)
E (GPa) WM 2159 218.2 —-1.05*
HAZ 2111 2124 —0.61
BM 206.7 207.2 -0.24
oy (MPa) WM 4072 403.5 092
HAZ 338.3 3314 2.08
BM 28976 3027 —168
n WM 0.212 0.203 4.43
HAZ 0.205 0.195 513
BM 0.193 0.191 105

@ Errors were computed as (Xpesenr — Xprevious )X rrevious: Where Xpresene represents a variable.

study are acceptable for the present virgin S5400 steel weld zone.
These results indicate, again, that the proposed procedure is ap-
propriate for investigating the mechanical properties of the
structural steel weld zone. In this study, the mechanical properties
in fatigue failure weld zones were also estimated using the pro-
posed procedure.

The distributions of elastic moedulus E, yield strength o, and
strain hardening exponent n across the fatigue failure weld zones
are presented in Figs. 15-17, respectively, with the same illustrated
way as Fig. 14. As it is seen in Fig. 15, various elastic modulus va-
lues display a relatively little variation in the BM and WM regions

and a gradient-distribution in HAZ of the fatigue failure weld zone
at strain amplitude of 0.4% (Fig. 15a). In the cases of higher applied
strain amplitudes, a small amount of variation and a gradient-
distribution of E values is still exhibited in WM and HAZ, respec-
tively, whereas the E values in BM are quite variant (Fig. 15b-d).
However, the distribution of £ values across the weld zone is found
to be quite smooth for all applied strain amplitude cases. In con-
trast, the yield strength values exhibit a significant variation in BM
and WM regions of the fatigue failure weld zone at strain ampli-
tude of 0.4% (Fig. 16a), while these values in BM and WM regions
of the weld zone tested at higher strain amplitudes are not much
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variant, as can be seen in Fig. 16b—d. Similar to elastic modulus,
yield strength values in HAZ show a quite gradual decrease from
WM to BM regions in all fatigue failure weld zones except the weld
zone tested at the high strain amplitude of 1.0% (Fig. 16d), in which
the yield strength values obtained in all regions are fairly the
same. For strain hardening exponent values, the same trend that a
moderate variation of these values can be observed in BM and WM
regions and strain hardening exponent in HAZ decreases gradually
from base metal to weld metal regions, as shown in Fig. 17.

In order to evaluate the effect of low cycle fatigue loading on
the mechanical properties in the investigated weld zone, the
average values of £, oy, and n in all regions of virgin and fatigue
failure weld zones are calculated, as listed in Table 5. Fig. 18 pre-
sents these average values plotted as a function of the applied
strain amplitudes (g,). It is visible in this figure that with in-
creasing strain amplitudes, the elastic medulus E displays decrease
in all regions of the weld zone, both yield strength o, and strain
hardening exponent n exhibit decreasing characteristic in WM and
increasing characteristic in BM region, while the yield strength in
HAZ region increases, the strain hardening exponent in this region
keeps almost unchanged. It is interesting to note in this figure that
the increase and decrease of the mechanical properties in all re-
gions of the weld zone with increasing strain amplitudes are
nearly linear, especially in the case of yield strength. The observed
slopes of these linear increase and decrease in Fig. 18 indicate that

the low-cycle fatigue loading has the highest effect on the me-
chanical properties (E, 6,, and n} in BM, while its influence on the E
and gy in WM is lower than that in HAZ. LCF loading also shows
quite small effect on the strain hardening exponent in WM region
and there seems to be no effect of this loading on strain hardening
exponent in HAZ. The effects of LCF loading on mechanical prop-
erties in the weld zone well accord with those observed in the
maximum penetration depth of indentation tests presented
previously.

As indicated [18], for the virgin S5400 steel weld zone, the
higher amount of d-ferrite and its abundant transformed phase
boundaries may be responsible for higher mechanical properties
values (E, ¢y and n} in WM when compared to those in BM, while
the smaller and more regular sizes of ferrite grains in HAZ may be
mainly response for the higher mechanical properties values in
HAZ compared to those in BM. Concerning the changes of me-
chanical properties during low-cydle fatigue loading, a linear de-
crease of E and n, and an approximately linear increase of o, with
the increasing strain amplitude were observed in a nickel-base
superalloy [38]. Investigation of 304L 5S weld zone also indicated
that with the increasing strain amplitudes, the yield stress (¢, ) and
strain hardening exponents (n) display increase in both BM and
HAZ regions but decrease in WM regions, while elastic modulus
(E) exhibits decreasing characteristic in all regions of the weld
zone [22]. These strain amplitude-dependent variation in the
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mechanical properties were demonstrated to be essentially re-
sulted from the amplitude-dependent variation in the micro-
structures during cyclic loading [22,38]. For the present 55400
steel weld zone, even though that the strain amplitude-dependent
variations in mechanical properties are different, the change
trends of mechanical properties in all regions of the weld zone
including BM, HAZ, and WM are completely consistent with the
reported results of 304L SS weld zone [22]. The reduction of elastic
modulus in all regions of the weld zone can be attributed to dis-
location-precipitate interactions, the nucleation of micro cracks/
microvoid at &fy interfaces during cydlic loading, as well as their
increase in the number with increased strain amplitudes [22,38].
The strain amplitude-dependent degradation in yield strength and
strain hardening exponent in WM may be attributed to the for-
mation of polygonal ferrite with the increase of applied strain
amplitude during cyclic loading, while the smaller grain size along
with abundant grain boundaries due to the formation of granular
ferrite, which is known as an excellent combination of strength
and toughness [41-43|, may be responsible for the increase in
yield strength and strain hardening exponent in BM and HAZ re-
gions of the weld zone with increased strain amplitudes.

5. Conclusion

In this study, an instrumented indentation technique was used

to investigate the mechanical properties in the weld zone of 55400
steel subjected to cydic loadings. For this purpose, low-cycle fa-
tigue, instrumented indentation, and tensile tests, finite element
(FE) analysis, and optical microscopy examinations were carried
out. The experimental and analysis results support the following
conclusiens:

=

The indentation response is not only highly sensitive to the
details of the metallurgical conditions that resulted from the
welding process but also sensitive to the strain amplitude ap-
plied during low-cycle fatigue loading. For the present weld
zone, low-cycle fatigue has stronger influence on indentation
response in BM than that in HAZ, whereas indentation response
in WM is fewest influenced by this loading.

. In the virgin 55400 steel weld zone, the microstructure of BM
and HAZ consist of a small amount of pearlite and ferrite with
different levels of reflective color brightness. The ferrite grains
in HAZ are more regular and relatively smaller than those in BM,
leading to the higher mechanical properties values in HAZ when
compared to those in BM. The WM has complex microstructure
with different types of ferrite including &, @, @, and has the
highest mechanical properties values in the weld zone.

. The effect of low-cycle fatigue on mechanical properties in the

weld zone was observed. The results show that with the in-

creasing strain amplitudes, the elastic modulus E displays de-
crease in all regions of the weld zone, both yield strength and

N

w
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Table 5
Average mechanical properties in the weld zone with different strain amplitudes.

S0 (£,=0.0%) S1 (,=04%) 2 (e,=0.6%) S3 (£,=0.8%) $4 (e,=1.0%)
E (GPa) WM 2159 2109 2119 203.0 2070
HAZ 2111 202.7 202.9 188.0 1876
BM 206.7 198.0 1949 179.8 1749
o, (MPa) WM 4072 386.3 3858 388.0 3804
HAZ 3383 3527 3520 362.1 3649
BM 297.6 3250 3480 3556 359.9
n WM 0212 0212 0209 0212 0.207
HAZ 0205 0202 0202 0206 0.204
BM 0193 0199 0197 0.203 0.203

4. The appropriate approach for

the strain hardening exponent exhibit decreasing characteristics
in WM and increasing characteristic in BM regions, while the
yield strength in HAZ region increases, the strain hardening
exponent in this region remains almost unchanged. The mi-
crostructures in the weld zone are dependent on the strain
amplitudes applied during low-cycle fatigue loadings, which is
essentially responsible for the changes of mechanical properties
in the present weld zone during cyclic loading.

investigation mechanical
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properties in the structural steel weld zone under low-cycle
fatigue loading using instrumented indentation testing is pro-
vided. The changes trends of mechanical properties and the
evolution trends of microstructure in the weld zone during low-
cycle fatigue up to failure are obtained. The approach and the
obtained results indicate that the designs of the welded joints
against fatigue failure and the integrity assessment of structural
steels member that have a welded joints can be performed
using instrumented indentation testing.



T-H. Pham, §--E. Kim / International Jeurnal of Mechanical Sciences 114 (2016) 141-156 155
225 450
4
400 4
350 +
300 5
| ¢WM eHAZ ABM 1 WM eHAZ ABM
165 — 250 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Strain amplitude (%) Strain amplitude (%)
(a) Elatic modulus (b) Yield strength
0.22
0.21
S 020
0.19 A
1 *WM @eHAZ ABM
0.18 - " T .
0.0 0.2 0.4 0.6 0.8 1.0
Strain amplitude (%)
(c) Strain hardening exponent
Fig. 18. Effects of strain amplitude on the mechanical properties of the weld zone (a) Elastic medulus. {b) Yield strength. (c) Strain hardening exponent
Acknowledgments Table A2
Coefficient by
This research was supperted by a Grant (15CTAP-C098306-01) ) b
, &
from Technology Advancement Research Program funded by ¢
Ministry of Land, Infrastructure and Transport of Korean. i=4 i=3 i=2 i=1
(1, 1) —6197E -2 8.766E —1 —3.097E +0 6.085E +0
(2.1) 2.285E -5 —7.846E —4 5.723E -3 —1095E -2
Appendix A (3.1)  —4241F -6 8.032E -5  —4539E -4 T676E —4
(1,2) 9.840E -1 —1477E +1 6.723E +1 —9.676E +1
s P (2,2) —6.638E -2 9.160E —1 —3.909E +0 5367E +0
See Table Al and AZ. 32 1877E -3 —2619E —2 1147E -1 —1630E —1
(1,3) —4.036E +0 6.074E +1 —2.847E +2 424TE +2
Table Al (2.3) 4241F —1 —6.122E +0 2.797E +1 —4112E +1
Coefficient (3:3) —1324F -2 1911E —1 —8782F -1 1301E +0
(1,4) 4.871E +0 —7309E +1 3.440E +2 —5.160E +2
(%, 1) g (2, 4) —5.777E -1 8.394E +0 —3.875E +1 5.745E +1
(3. 4) 1875E -2 —2.718E -1 1.257E +0 —1870E +0
i=4 i=3 i=2 i=1
1n —1710E -1 1629E +0 1144E +2 —4574E +1 References
(2,1) 1395E -2 —1195E -1 2955E -1 —1643E —1
3.1) —4231E -4 3.903E -3 —9.428E -3 5243F -3 . . . . .
a, 2) 0.040F +0 7973E 40 5.240F +1 _6190E +1 [1] Tamiboli AR. Handbook of structural steel connection design and details. NY,
2.2)  —1193E +0 2573E 40 —5962E 40 3.952E + 0 LA MGl 1500,
3.2) 3876F —2 _1420E —1 1858E —1 _5743E -2 [2] Boyer HE. Atlas of stress-strain curves.Metal Park, Ohio: ASM International;
’ ; y ) ) 1987,
E; g)) 711225 jj 72?2?’5 jj’ 7?21?5 jj f;ggig jﬁ [3] Wole 5. Mechanical Properties of engineered materials. New York, NY: Marcel
3.3) —3417E -1 1631E 40 —1443E 40 2175E — 1 Dekker, Ing; 2003, . o e
(1. 4) 1081E 42 _4190E 12 4267E +2 _2408F 42 [4] Ye D, Xu Y, Xiac L, Cha H. Effects of low-cycle fatigue on static mechanical
(2’ 4) —1.845E 1 3.17SE o 2.7]7E 40 7]'0535 1 properties, microstructures and fracture behavior of 304 stainless steel. Mater
(3. 4) 5.023E —1 —1147E +0 3.126E -2 5.674E — 1 st bng Aatllpdna09 3.

- 132 -

[5] Lemaitre |, Desmorat R. Engineering damage mechanics.Berlin/Heidelberg/



156 T-H. Pham, 5.-E. Kim / International journal of Mechanical Sciences 114 (2016) 141-156

New York: Springer; 2004,

[6] Ye D, Wang Z. An approach te investigate pre-nucleation fatigue damage of
cyclically loaded metals using Vickers microhardness tests. Int | Fatigue
2001;23:85-91.

[7] Ye D, Wang Z. A new approach to low-cycle fatigue damage based on ex-
haustion of static toughness and dissiation of cyclic plastic strain energy
during fatigue, Int ] Fatigue 2001;23:679-87.

[8] Boronski D. Cyclic material properties distribution in laser-welded jeints. Int ]
Fatiguie 2006;28:346-54.

[9] Molak RM, Paradowski K, Brynk T, Ciupinski L, Pakiela Z Kurzydlowski KJ.
Measurement of mechanical properties in a 316L stainless steel welded joint.
Int ] Press Vessels Pip 2009;86:43-7.

[10] Rao D, Heerens ], pinheric GA, Santos JF, Huber N. On characterisation of lacal
siress-sirain properties in friction stir welded aluminium AA5083 sheets using
micro-tensile specimen testing and instrumented indentation technique.
Mater Sci Eng A 2010;527:5018-25.

[11] Corigliane P, Crupi V, Guglielmine E. FE analysis of cruciform welded joints
considering different mechanical properties for base meterials, heat affected
zone and weld metal. Fratt Integr Strutt 2014;30:304-10. htrp://dx.doiorg/
10.3221/IGF: 0.37.

[12] Kang J], Becker AA, Sun W. Determining elastic-plastic properties from in-
dentatien data obtained from finite element simulations and experimental
results. Int | Mech Sci 2012;62:34-46.

[13] Chung KH, Lee W, Kim JH, Kim C, Park SH, Kwon D, Chung K. Characterization
of mechanical properties by indentation tests and FE analysis — validatien by
application to a weld zone of DP590 steel. Inter | Solids Struct 2009;46
(2):344-63.

[14] Zhan M, Du H, Liu |, Ren N, Yang H, Jiang H, Diac K, Chen X. A methed for
establishing the plastic constitutive relationship of the weld bead and heat-
affected zone of welded tubes based on the rule of mixtures and a micro-
hardness test. Mater Sci Eng A 2010;527(12):2864-74.

[15] Yenezu A, Akimoto H, Fujisawa S, Chen X. Spherical indentation method for
measuring local mechanical properties of welded stainless steel at high
temperature. Mater Des 2013;52:812-20.

[16] SunG, XuF, Li G, Huang X, Li Q. Determination of mechanical properties of the
weld line by combining micre-indentation with inverse modeling. Comput
Mater Sci 2014;85:347-62.

[17] Pham TH, Kim SE. Determination of mechanical properties in SM490 steel
weld zone using nancindentation and FE analysis. ] Constr Steel Res
2015,114:314-24,

[18] Kimi ], Pham TH, Kim SE. Instrumented indentation testing and FE analysis for
investigation of mechanical properties in structural steel weld zone. Int | Mech
Sei 2015;103:265-74.

[19] Radaj D, Sonsino CM, Fricke W. Recent developments in local concepts of fa-
tigues assessment of welded joints. Int | Fatigue 2009;31:2-11.

[20] Fricke W. Recent developments and future challenges in fatigue strength as-
sessment of welded jeints. In Proc [nst Mech Eng Part C: ] Mech Eng Sci
2015:1-16. http://dx.deiorg/10.1177/0954406214550015.

[21] Corigliano P, Crupi V, Fricke W, Friedrich N, Guglielmino E. Experimental and
numerical analysis of fillet-welded joints under low-cycle fatigue leading by
means of full-field techniques. In Proc Inst Mech Eng Part C: | Mech Eng Sci
2015;29(7):1327-38. hitp:/j/dx.doicrg/10.1177/0954406215571462.

[22] Ye D, Mi F, Liu ], Xu Y, Chen Y, Xiao L. Use of instrumented indentation testing

to study local mechanical properties of 304L SS welded joints subjected to
low-cycle fatigue loadings. Mater Sci Eng A 2013;564:76-84.

[23] Pham TH, Kim J], Kim SE. Estimating constitutive equation of structural steel
using indentation. Int ] Mech Sci 2015;90:151-61.

[24] AWS Welding Handbock. Volume 1: welding science and technology. 9th ed..
Miami, FL: American Welding Society; 2001 33126.

[25] ASTM E606, Standard practice for strain-contrelled fatigue testing. West Con-
shohocken, PA: ASTM International; 2013.

[26] ASTM E3-01. Standard guide for preparation of metallographic specimens.
West Conshohocken, PA: ASTM International; 2007,

[27] ASTM E2546-07, Standard practice for instrumented indentation testing. West
Conshchocken, PA: ASTM Internaticnal; 2007.

[28] ASTM E8/E8M —13a. Standard test methods for tension testing of metallic.
West Conshohocken, PA: ASTM International; 2013,

[29] Oliver WC, Pharr GM. An improved technique for determining hardness and
elastic-modulus using load and displacement sensing indentation experi-
ments. | Mater Res 1992;7(4):1564-83.

[30] Hibbitt, Karlsson and Serensen, ABAQUS Standard User's Manual, version 6.6
(2006), Inc.

[31] Dac M, Chollacoop N, Viiet KJV, Venkatesh TA, Suresh 5. Computational
modeling of the forward and reverse problem in instrumented sharp in-
dentation. Acta Mater 2001;49:3899-918.

[32] Lichinchi M, Lenardi C, Haupt , Vitali R. Simualtion of Berkovich Instrumented
indentation experiments on thin films using finite element method. Thin Selid
Films 1998;312:240-8.

[33] Srivatsan TS, Anand S, Troxell JD. Cyclic plastic strain response and fracture
behavior of and oxide-dispersion-strengthened copper alloy. Int ] Fatigue
1993;15(5):355-67.

[34] Bhadeshia HKDH, Honeycombe R. Steels: microstructure and properties.
Lendon: Butterwoerth-Heinemann; 2006.

[35] Easterling KE. Introduction of the physical metallurgy of welding. 2nd ed..
Lenden: Butterworth-Heinemann; 1992,

[36] Kou S. Welding Metallurgy. 2nd ed.John Wiley & Sens, Inc; 2003.

[37] Khodabakhshi F, Kazeminezhad M, Kokobi AH. Mechanical properties and
microstructure of resistance spot welded severely deformed low carbon steel.
Mater Sci Eng A 2011;529:237-45.

[38] Ye D, Xiaw L, Cha H, Xu P, Xu Y. Use of instrumented micro-indentation to
study the mesoscopic elasto-plastic behavior of GH4145/SQ superalloy during
high-temperature cyclic straining. Mater Sci Eng A 2011;528:6825-37.

[39] Ye D, Cha H, Xiac L, Xu Y. A study of fatigue mesoscopic elasto-plastic prop-
erties of a nickel-base superalloy by instrumented miicroindentation mea-
surernents. | Nucl Mater 2012;420:525-36.

[40] Plumtree A. Correlation between microstructure and cyclic behavior. In: Rie
KT, editor. Low cycle fatigue and elasto-plastic behavior of materials. Neth-
erlands: Springer; 1987.

[41] Krauss G, Thompson SW. Ferritic microstructures in continuously cooled low-
and untralow- carbon steels. ISI] Int 1995;35(8):937-45.

[42] XiaoF, Liac B, Ren D, Shan Y, Yang K. Acicular ferritic microstructure of a low-
carbon Mn-Mo-Nb microalloyed pipeline steel. Mater Charact 2005;54:305-
14

[43] Wang W, Yan W, Zhu L, Hu P, Shan Y, Yang Ke. Relation among rolling para-
meters, microsiructures and mechanical properties in an acicular ferrite pi-
peline steel. Mater Des 2009;30:3436-43.

- 133 -



4. Determination of equi-biaxial residual stress and plastic properties in structural steel

using instrumented indentation(2017)

Materials Science & Engineering A 688 (2017) 352-363

Contents lists available at ScienceDirect

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Determination of equi-biaxial residual stress and plastic properties in
structural steel using instrumented indentation

@ CrossMark

Thai-Hoan Pham®, Seung-Eock Kim™*

2 Department of Civil and Environmental Engineering, Sejong University, 98 Gunja-dong, Gwangjin-ku, Seoul 143-747, South Korea

ARTICLE INFO ABSTRACT

Keywords: This study describes a method that allows estimation of the equi-biaxial residual stress (o), yield strength (o,,),
Indentation the strain hardening exponent (n), and the ratio (a) between strain at starting-point of strain hardening (es,)
Plastic properties and yield strain (g,)) of structural steel from the load-depth curve of one sharp indentation test. In this method,

Residual stress

the relationships between the structural steel properties, residual stress, and the characteristics of the
Structural steel

indentation loading-unloading curves were established in the form of dimensionless functions via extensive
finite element (FE) analyses. Based on the FE analysis results of the indentation process with a large number of
different material properties combinations, the effects of residual stress and plastic parameters on the
indentation response were investigated, and a reverse algorithm for estimating four unknown quantities (oz,
0y, 1, and @) of steel from an indentation test was proposed. A stress-applying apparatus that allows the
introduction of a compressive or tensile stress to the sample by applying a compressive or tensile force and
maintaining the stress after releasing the force was also developed in this study. Indentation and tensile tests of
structural steels (SS400 and SM490) were carried out and the proposed algorithm was validated through both

numerical analyses and experimental results.

1. Introduction

Residual stresses can exist in many engineering parts and struc-
tures made of various materials, especially structural steel, due to the
thermal mismatch or thermal and mechanical processing during
welding, joining, and manufacturing [1]. Since it has significant effects
on the mechanical performance of materials, such as fracture, fatigue,
wear, corrosion, and fraction, measurement of residual stress in
materials has become important in engineering design. There are
several methodologies for measuring the residual stress, including
mechanical methods such as hole-drilling, saw-cutting, and layer-
removing techniques [1,2], physical methods such as analysis of
ultrasonic wave, X-ray and neutron diffraction, and the newly devel-
oped indentation technique [3,4]. The indentation technique has
shown advantages over the others in terms of simplicity, non-destruc-
tion, applicability, and convenience at various scales [5,6].

The effect of residual stress on the load-depth (P-h) curve of
indentation was first investigated by Tsui et al. [7] using experiments
and by Bolshakov et al. [8] using finite element analysis. A bilinear
relation between residual stress and indentation hardness was estab-
lished from these investigations [7,8]. Various characteristics of the
indentation load—depth curve, including contact stiffness (S), max-

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

http://dx.doi.org/10.1016/j.msea.2017.01.109

imum indentation depth (h,,,), loading curvature (C), and indentation
work (W), have also been found to be in nonlinear relationships with
residual stresses [9-12]. Based on the correlation between residual
stress and indentation parameters from both experiments and analysis,
numerous methods for the determination and measurement of residual
stress from the characteristics of indentation have been proposed. For
example, Suresh and Giannakopouls [9] utilized the difference in the
indentation contact area between free-stress and stressed indented
materials at the same indentation depth to characterize the equi-biaxial
residual stress. Carlsson and Larsson [10,11] also reported the effects
of residual stress on the indentation contact area, from which the
residual stress can be estimated. Lee and Kwon [12] developed a new
procedure to determine the residual stress based on the difference
between indentation load at the same penetration depth of indented
materials with and without residual stresses. One of the drawbacks of
these aforementioned methods is that the indentation contact area
needs to be measured accurately. Subsequently, many other methods
for direct determination of residual stresses from the load-penetration
depth curves of indentation without measurement of contact area have
been suggested through extensive dimensional and finite element (FE)
analyses [13-18]. However, these methods are only valid for either
elastic, perfectly plastic materials [13,14] or materials exhibiting a
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Fig. 1. Model for stress-strain behavior of structural steel (the plastic plateau is assumed
perfectly plastic presented by the dotted line).

power law description in stress-strain behavior [15—17], or else need
extra tests on free stress specimens for reference [18].

To our knowledge, no method has yet been established for
estimating residual stress of structural steels, which exhibit a plastic
plateau initiated from &,, and ended at £, in their stress-strain curve
from indentation. This study proposes a method that allows estimation
of the equi-biaxial residual stress og, together with yield strength o,
the strain hardening exponent n, and the ratio a of structural steels
from the load- depth curve of indentation test. The material model for
structural steels used in the previous works [19-21], which is
illustrated in Fig. 1 and can be expressed as Eq. (1), was applied.
The mechanical model of material with equi-biaxial residual stress
indented by a sharp indenter (Berkovich or Vickers) can be considered
an axisymmetric sample indented by a conical indenter with 70° of half
apex angle [18], as illustrated in Fig. 2. The relationships between the
structural steel properties, residual stress, and the characteristics of
indentation loading-unloading curves were established in the form of
dimensionless functions via extensive finite element (FE) analyses. The
proposed method was validated through the results from indentation
and tensile tests of structural steels (SS400 and SM490) subjected to
residual stress and free stress as well.

Ee (e <&y
=40y (ey < &< gy)
oyl + E(e — g)l(aoy)]" (e 2 &) 1)
1
—— Indenter
> I
'/ -~
-
-
-
S
: O;
Indented material < %
-
<
<
-
-~
g
o
z
Fig. 2. Indentation model of a sample with equi-biaxial residual stress.
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Fig. 3. Typical load-penetration depth curve.

2. Dimensional analysis and finite element simulation
2.1. Dimensional analysis

Fig. 3 illustrates a typical load-penetration depth curve of an
unstressed specimen from a sharp indentation. The applied load P
during loading can be depicted as a function of the indenter and

material properties, as follows:
P =P, E, v, E, v, oy, n, a) 2)

where h is the penetration depth; E, v, E; and v; are the elastic
modulus and Poisson's ration of the indented material and indenter,

respectively.

Using the reduced modulus E,, which is defined as
E, = [(1 — D/E + (1 — vA/ET" [22,23], Eq. (2) can be written as
P=P(h E, oy 1, @) 3)

For indentation of a specimen subjected to an equi-biaxial residual

stress (og), the applied load during loading can be expressed as
P = P(h, Ey, 0y, 1, @, o) “)

The [] theorem [24] is applied in dimensional analysis to form Eq.
(4) as

P= oyhzﬂlo [ﬂ’ n, a, ﬂ]
o % 5)

The total indentation work of the indentation Wy, which is defined
as the area under the loading curve from 0 to the maximum depth A,,,
(Fig. 3), can be determined as

B
W= [ pan ©®

From Eqgs. (5) and (6), with a given indentation maximum depth
h,,,, the total indentation work (loading work) of indentation can be
written in the following form:

W= ayhinf(@, s ﬂ]
Ty Iy 7)

Since 0, and E,. have the same dimensional unit, Eq. (7) then can
be written in an alternative form as

ﬂqﬂ%m%)
%y 9 (8)

Similarly, the unloading curve of an indentation into a specimen
subjected to an equi-biaxial residual stress must be a function of the

Eh2
W,
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indenter and material properties, indentation depth, and residual
stress as

E, = B.(h, hn, Ey, 0y, 1, @, 0p) 9

Eq. (9) becomes a dimensionless function by applying dimensional

analysis as
B, = o, i, 9, n, a, =
Iy oy oy

(10

Note that P,, =0 at the residual impression depth h = h,., leading Eq.
(10) to

E, o
B =, n, a, 2B
9y %

The elastic indentation work or unloading work of indentation W,
which is defined as the area under the unloading curve from the
residual impression depth h;. to the maximum depth h,,, (Fig. 3), can
be determined as

hm
— >
W, fh " Ran -

b _

Am

an

From Egs. (10) to (12), the unloading work is obtained as follows:

Fom
W= f B = o3| E, 0, B
By oy

] (13)
Combining Egs. (7) and (13) leads to
i = Hl[ge n, a, 2)
W. %y Sy (14)

Same as the expression of the loading work in Eq. (7), the unloading
work of indentation can also be expressed as the following equation,
where W; is replaced by W, and the term (%, — 0)° is replaced by
(= B):

W, = 6, (i — hrm[ﬂ, 7, a, @)
% % 15)
The unloading work then can be normalized and expressed in an

alternative form as

=15 E, noa X
Sy Sy (16)

Concerning the contact stiffness of indentation S, it is defined as the
initial slope of the unloading curve, which can be obtained from Eq.
(10) as follows:

W,
ay (i — Ry

s=% ayhmm(ﬂ, n, o @]
dh |y, %y % a7)
Alternatively, Eq. (17) is written as
§ H4[£, n, o, ﬁ]
Oyl oy ay (18)

The four dimensionless functions 77, I, 7k, and 714, which correlate
the residual stress and material properties with the characteristic
parameters of indentation load-depth curves, can be determined by
using the results obtained from either experiment of FE analyses. In
this study, the FE analyses were conducted and from the obtained
dimensionless functions, the residual stress, the yield strength, the
strain hardening exponent, and the ratio a can be estimated once the
elastic modulus is known.

2.2. Finite element simulations

The nonlinear finite element analysis program ABAQUS [25] was
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used to simulate the indentation process of structural steel with equi-
biaxial residual stress. Considering symmetric conditions, an axisym-
metric two-dimensional FE model was adopted. The matrix was
modeled as a large cylinder with a radius and height equal or fifty
times larger than the contact radius at maximum penetration depth.
These dimensions were found to be large enough to approximate a
semi-infinite half-space for indentation [26]. A fine mesh near the
contact region and a gradually coarser mesh further from the contact
region were designed to ensure numerical accuracy and save computa-
tional time, leading to a mesh of 10000 four-node bilinear axisym-
metric quadrilateral elements CAX4R. At the maximum load, the
minimum number of contact elements in the contact zone was ensured
to have no less than 16 elements in each FE analysis. Prior to the
indentation, an equi-biaxial residual stress (oz) was introduced into
the specimen by applying pre-stress on the whole specimen along the
radial direction. The boundary conditions were applied as follows. The
nodes along y axis (the axis of rotation) can move only along the axis
itself, and all the nodes on the bottom of the mesh were fixed. The
indenter was modeled as a rigid movable cone surface with a half apex
angle of 70.3°, and Coulomb's friction behavior was used for the
contact between the indenter and the matrix surface. The indentation
was displacement controlled with a maximum depth of 2000 nm for all
analyses. More than 500 increments were used for both the loading and
unloading processes in order to obtain sufficiently smooth P-h curves.
Fig. 4 shows the simulation of the indentation process.

To formulate the four dimensionless functions /7, 7h, Iz, and 71,
FE analyses were carried out for 400 combinations of different
properties, in which the ratio of E/o,, varied from 50 to 1000 with
gy, varied from 200 to 500, n varied from 0 to 0.5, a varied from 2 to
23, and the ratio of og/0,, varied from -0.8 to 0.8. The specific values
are listed in Table 1. Note that the minus value of og/0,, indicates
compression, and the above ranges cover most combinations of
properties and residual stresses for structural steels. For convenience,
Poisson's ratio was fixed at 0.3 for all FE analyses since it is a minor
factor during indentation process.

3. Finite element analysis results
3.1. Numerical indentation responses

Fig. 5 presents a number of selected indentation curves from
numerical analyses, where the effect of residual stress (normalized by
0r/0y, ratio), E/a,, ratio, n, and a on the indentation load-depth curves
are shown. As can be seen in Fig. 5a, to indent a given material (i.e.,
fixed E, oy, n and a) to the same depth, a residual tensile stress
requires a lower indentation load, whereas a residual compressive
stress requires a higher indentation load compared to unstressed
material. Moreover, the greater the residual compressive stress intro-

! <— Symmetric axis
_~<——— Rigid indenter

[T
[T
i

S
°
g
5
%
-

i
i

Fixed along with the line

Fig. 4. FE simulation of indentation process.
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Table 1

Material properties and residual stresses nsed for FE analyses.

Efoy, n a Or /Oy
400 Combinations of material properties 50 o 2 -0.8

100 015 12 -0.4
Poisson's ratiov = 0.3 400 0.30 23 0

700 0.50 0.4

1000 08

duced, the higher indentation load is required, and the greater the
residual tensile stress introduced, the less indentation load is required
to penetrate the material to the same depth. The effect of the E/o,, ratio
on indentation curves is investigated in Fig. 5b, where other material
parameters are fixed and the E/o,, ratio varied from 50 to 1000 (with
oy, =250 MPa). It is revealed from this figure that when the residual
stress and other material properties are fixed, a higher elastic modulus
leads to a higher indentation load and larger residual impression depth
due to smaller elastic recovery. Similarly, for fixed material properties
and a given residual stress, the indentation load for the same maximum
penetration depth increases with increasing the strain hardening
exponent n, as indicated in Fig. 5c. In contrast, the indentation load
for the same maximum penetration depth decreases with increasing the
a value when the residual stress and other material properties and are
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fixed, as illustrated in Fig. 5d. It can also be recognized from this figure
that the effect of a on indentation curves tends to decrease when its
value is large. Additionally observed from Fig. 5 is that the residual
stress, n, and o seem have a minor influence on the contact stiffness,
which is defined as the initial slope of the unloading curve, while the
change of E leads to a variation of contact stiffness due to the fact that
this indentation parameter and the elastic modulus of material are
proportional [26].

3.2. Dimensionless functions

The funetional forms of 17, T, Tk, and Iy in Egs. (8), (14), (16), and
(18), respectively, are constructed using the results obtained from the
400 FE analyses. It is found that the left terms of these four functions
are well deseribed by two dimensional third order polynomial equa-
tions of E,./o,, and o/ d,, at the specific values of n and «. Fig. 6 shows
representative fitting surfaces of 17, /b, i, and 71, as the functions of
E, /o, and og/o,, at the fixed values of n =0.15 and a=12, where the
dots are the data obtained from FE analyses.

Similarly, the left terms of the four dimensionless functions are also
found to be well deseribed by two dimensional third order polynomial
equations of n and « at the specific values of E,./o,, and oz/0,,. Fig, 7
shows representative fitting surfaces of 17, IL, II,, and Iy as the
functions of n and « at the fixed values of E,/0,, =700 and oz/0,, =0.8,
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v E/g =100 b
012 4 + Ea =400 oi"}
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« E/g =700 ox 02
s | v Ee=ww :}(’:}‘ x
- ¥
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=2 o‘ﬂ’:" 0 “no’;f
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Fig. 5. Effects of material parameters on indentation load-depth eurves. (a} Effect of or/a,, ratio (b) Effeet of Efo, ratio (¢} Effect of n (d) Effect of a.
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[

(a) I,

O
D
‘Q“Q “Q’,

0 -1
(o) I,

where the dots are the data obtained from FE analyses.

Based on these observations, the four dimensionless functions of 77,
IL, IL;, and IIy are then obtained by fitting all data from 400 FE
analyses in the combined forms of two dimensional third order
polynomial equations of E,./g,, and z/c,, as well as of n and a, as
follows:

IR

Bl _ E| =
W Hl[l"(@)’ o
= (@1 + BE + a3d + asf + aséh + asd? + a8 + g + agfi® + a1pld)
(a1 + appn + apa + ayn® + aisna + aga’ + apn® + agr’a + agna?)

19)

\ a} =Ih( 2. n, a)

s=1Ih {m(&), 2 n, a] =1L A, n, @)
7 Py

= (b1 + D& + bad 4 by&? + bsEL + bA? + bel3 4 bgE + bo&d? + biplP)
(b1y + bian + biza + byyn?® + bisna + biga® + bygn® + bigrta + bigna?)
(20)

WiWe
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- NSNS
\\\\\_\\3\§§&§§§§\\'{\\\ N
ANNANS

(d) I,

Fig. 6. Fitting surfaces of I, 1T, IT5, and Il as the functions of E,./a, and gz/a,, at the fixed values of n =0.15 and a=12. (a) I1; (b) I, (¢) % (d) TTs.

oy

W, E,
promrsce Hs[ln[;;), 2, n, a] =I5 A n, )
=(c1 + o€ + 34 + cuE? + c5EL + ceA? + &3 + g + ColA? + cip )
(c11 + cian + csa + cun? + csna + e’ + epn® + cgn’a + cona®)

(21)

L= m[ln(ﬂ), Z p, a} =L A, @)

ayhm oy} oy

=(d + dr + dih + dy&? + dséh + ded? + 7 &3 + dg + do&lP + dioh?)

(di + dion + dizar + dian? + disna + diga® + dign® + dign’a + digna®)
(22)

where £ = In(E,/6y) and 1 = ox/oy. The fitting coefficients a;, b;, ¢;, and

d; are listed in Table 2.

4. Reverse analysis
4.1. Principle of reverse analysis

A reverse analysis algorithm is suggested for determining the four
unknowns (0g, 0y, n, and a) of structural steel from the four fitting
functions (71, Ih, Ik, and I7,). Fig. 8 illustrates the flow chart of the
proposed reverse analysis algorithm. From a load—penetration depth
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Table 2

0.025

E /W,

0,005

W,

| E/oy =700, 0 /0y = 0.8 |

(o) 11,
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(b) 1,

7000 +

E/o, =700, o /oy

(d) 0,

Fig. 7. Fitting surfaces of /1, I, II;, and I, as the functions of n and a at the fixed values of E,./a,, =700 and gr/0, =0.8. (a) I (b) IL; (c) T (d) Hs.

Coefficients of the four dimensionless Egs. (19)-(22).

i a; b; ¢ d;

1 1.3641E -01 -2.1536E +00 -1.0782E +03 -1.0614E +02
2 -9.6358E -02 1.5015E +00 6.8603E +02 7.0062E +01
3 -3.4691E -02 3.9031E -01 1.6916E +02 -6.4594E +00
4 2.2353E -02 -3.5006E -01 -1.4386E +02 -1.5550E +01
5 1.6140E -02 -1.7593E -01 -7.1944E +01 2.8587E +00
6 4.4662E -03 -2.2539E -02 -2.8482E +01 1.0279E +00
7 -1.8240E -03 2.8803E -02 9.9499E +00 1.1832E +00
8 -1.8398E -03 1.9141E -02 7.5327E +00 -3.1759E -01
9 -1.2360E -03 6.5620E -03 6.3735E +00 -2.3778E -01
10 -3.5595E -04 -1.2232E -03 5.0158E -02 5.0408E -02
11 -3.9497E -01 4.7408E +01 9.5994E +04 2.0857E +02
12 9.4761E -01 -1.4770E +02 -1.6373E +05 -3.1408E +02
13 -9.0224E -03 1.2217E +00 4.5108E +03 3.8758E -01
14 -5.9092E -01 1.4179E +02 -3.1196E +05 4.3915E +02
15 -3.7991E -02 4.0390E +00 8.0033E +03 6.4779E +00
16 2.8073E -04 -3.7566E -02 -1.2652E +02 -1.1359E -02
17 -1.4738E -01 -2.6074E +01 5.3088E +05 -3.2378E +02
18 2.5839E -02 -4.0347E +00 -9.5116E +03 -3.1069E +00
19 4.0835E -04 -1.8752E -02 5.1523E +00 -9.0644E -02
R 0.9929 0.9941 0.9837 0.9993
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curve of indentation experiment, the loading work Wy, unloading work
W,, residual impression depth h,, maximum penetration depth h,,,
and contact stiffness S can be easily measured and determined. The
four unknowns (og, 0,, n, and a) are varied in wide ranges with
appropriate increments. The errors of the four dimensionless functions
Ih, I, 15, and I, with respect to the measurements from the
indentation test are calculated for each combination of residual stress
and material properties. The summation of the absolute values of the
four errors from 77, Ik, 1T, and 71, is considered as the total error, and
the roots (og, 0y, n, and a) are found by selecting a combination of
residual stress and material properties, which leads to the minimum
value of the total error.

4.2. Numerical validation of the reverse algorithm

The effectiveness of the proposed reverse algorithm is first checked
by using the indentation responses from the FE analyses. The
characteristics of indentation load- depth curves (W;, W,, h;, Apm,
and S) obtained from the selected FE analyses with different combina-
tions of material properties (E/o,, or/0y, n, and a) are used as the
input data of the reverse algorithm. Fig. 9 shows a comparison between
the predicted material properties obtained from the reverse analysis
and 25 combinations of input material properties in the numerical
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Fig. 8. Flow chart for proposed reverse analysis algorithm.

simulation, where n =0.15, a=12, E/q,, varied from 50 to 1000, and
og/0y varied from -0.8 to 0.8. Fig. 10 presents a similar kind of
comparison for 12 combinations of input material properties in the
numerical simulation, where E/o,, =700, 0z/0,, =0.8, n varied from 0
to 0.5, and a varied from 2 to 23. It is seen from these figures that all
calculated combinations well match the input combinations, with all
errors of each material property less than 6.5%. Note that the errors
can be reduced by using smaller increments of E/a,,, 0g/a,, n, and a
during the reverse analyses. The material properties presented in
Figs. 9 and 10 were obtained using the increments of AE/g, =5,

0.2 20
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0.12 -ﬂ AR5 1HIR slwlils| H sl | -

s 3

0.08 - 8

0.04 - 4
e e AL, HEL o

1 35 7 9 11131517 19212325
25 different combinations of E/ay and or/ oy

(@rand

Materials Science & Engineering A 688 (2017) 352-363
Aog/0a, =0.01, An =0.001, and Aa=0.5.
4.3. Experimental validation of the reverse algorithm

Two commonly used structural steels (SS400 and SM490) were
used to verify the proposed reverse algorithm. The tensile tests were
first carried out using an INSTRON testing machine to obtain the
properties of $8400 and SM490 steels. The tests were conducted for
three specimens of each steel type at room temperature in accordance
with ASTM standard [27]. Table 3 lists the elastic modulus, yield
strength, strain hardening exponent, and a values observed from the
tensile tests of these steels.

Instrumented indentation tests were then performed to appraise
the validity of the proposed reverse algorithm. A stress-applying
apparatus was designed to allow the introduction of a compressive or
tensile stress to the sample by applying a compressive or tensile force
and maintaining the stress after releasing the force, as shown in
Fig. 11. The operation of the apparatus includes the two following
steps: (i) a compressive or tensile force is applied to the sample (by
using compressive or tensile testing machine) to introduce a specific
compressive or tensile stress into the sample, and (ii) the introduced
compressive or tensile stress is then maintained in the sample by
screwing in the movable compressive or movable tensile loading nuts,
respectively. Note that the applied and maintained stress could be well-
defined and measured by both the load cell and the strain gages
attached on the sample. In the experiments, the introduced uni-axial
stresses were kept lower than the elastic limit of the steels. Three
groups of stress states including two different tensile stress levels and
one free stress were applied for each material. Due to the limitations of
the machine in compressive testing, the compressive pre-stress levels
were not taken into consideration for the validity of the proposed
algorithm. For the three investigated groups of stress states, nine
indentation tests were undertaken for each group using a Nano
Hardness Tester made by the Swiss Center for Electronics and
Microtechnology. The indentation testing machine is equipped with a
Berkovich indenter made of industrial diamond, which has an elastic
modulus of 1141 GPa and Poisson's ratio of 0.07. Prior to introducing
the stress and indentation tests, the testing surface on the sample was
sufficiently polished to be flat and smooth according to the ASTM E3-
01 standard [28]. All the indentation tests were performed in displace-
ment control mode with a constant loading rate of 4000 nm/min to the
prescribed maximum displacement of 2000 nm and the same unload-
ing rate without holding time according to ISO 14577 and ASTM

{ n=015a=12
08 {88 @ 0o oQ
| 510 15 20 25
04 1 80 o o m
4 9 14 19 24
8
E 0.0 1 0D m 0] o
| 38 13 18 23
04 1 D8 a oo m
27 1 17 22
0.8 A @5 & ul )
| 1 11 16 21
DOlinput OReverse
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(b) E/o, and oz/0;,

Fig. 9. Comparison between predicted material properties obtained from the reverse analysis and 25 combinations of input material properties (n =0.15, a=12, E/a,, varied from 50 to
1000, and og/0y, varied from -0.8 to 0.8) used in the numerical simulation: (a) n and «; and (b) E/0y, and og/0y,.
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Fig. 10. Comparison between predicted material properties obtained from the reverse analysis and 12 combinations of input material properties (E/a,, =700, or/0,, =0.8, n varied from
0 to 0.5, and a varied from 2 to 23) used in the numerical simulation: (a) n and a; and (b) £/o,, and og/0,,.

Table 3
Mechanical properties averaged from three tensile tests of each material.

Materials E (GPa) ay (MPa) n a
S$S400 198.6 313.6 0.243 9.8
SM490 208.9 895.2 0.230 12.1

E2546-07 standards [29,30]. The installation of the tensile test to
introduce the stress into the sample is shown in Fig. 12a, and the
indentation test setup is shown in Fig. 12b. Note that the depth of the
indented sample at the testing area of 5mm is large enough to
approximate a semi-infinite half-space for indentation with the max-
imum penetration depth of 2000nm and the properties of the
investigated steels (composite) are always measured from the indenta-
tion with this maximum depth instead of the grain properties as
indicated in the previous works [20,21].

As for the results, the nine load-penetration depth (P-h) curves
obtained from each group of stress states exhibited minor differences
from one another. Fig. 13 then presents only the mean curves at each
stress level of the SS400 and SM490 to show the effects of residual
stress on the indentation load-depth curves, where the solid curves
represent the response of free stress materials. It is obvious that
samples with the introduced tensile residual stress require less load
than the free stress samples to reach to the same penetration depth; the
higher the tensile residual stress, the less load is required.

Prior to the validation of the proposed algorithm, the accuracy of
the developed FE model was verified by comparing the load-penetra-
tion depth curves obtained from FE analyses with those obtained from

ample

Movable compressive

loading nuts

Movable tensile
loading nut

indentation experiments. The mechanical properties of SS400 and
SM490 steels observed from tensile tests and the corresponding
introduced residual stresses were used as the input data of the FE
analyses. Fig. 14 shows the comparison between load-penetration
depth (P-h) curves from FE analysis and selected indentation experi-
ment of $8400 and SM490 steels at the highest stress level. Very good
agreement between the FE analysis and selected experimental curves
for both steels at the highest stress level can be observed from Fig. 14,
indicating that the developed FE simulation is accurate to model the
indentation of structural steels subjected to residual stress.

With regard to the total of 36 indentation tests on the 4 stressed
samples (2 samples of $8400 and 2 samples of SM490), the indentation
loading and unloading works (W, and W,,), the maximum depth h,,,,
and the residual impression depth h, were determined from each
indentation curve. The initial unloading slope S value was calculated by
first fitting 67% of unloading curve by a power law function
B, = B(h — h,)" and then evaluating the derivative at h = h,,, [22,23].
These parameters obtained from the indentation tests of 4 groups with
tensile residual stresses of both $5400 and SM490 steels are listed in
Table 4. The obtained parameters from the indentation tests were then
used as input data of the proposed reverse algorithm to calculate the
material properties and residual stresses. To reduce the analysis time
as well as to obtain the correct material properties and residual
stresses, appropriate ranges of E/ay, 0r/0y, n, and a were carefully
selected and the corresponding fine increments of AE/0,, =2, Aog/a,,
=0.01, An =0.001, and Aa=0.1 were chosen for all reverse analyses.
Since the elastic modulus values of the materials are known before-
hand, the yield strength oy, strain hardening exponent n, a, and
residual stress og can be obtained from reverse analysis for all

Grip bolts

Locking Nut

Fig. 11. Stress-applying apparatus.
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Stress-applying
apparatus

Data acquisition from /
strain gages attached _
~ on the sample

(a) Tensile test for introduction of residual stress

Materials Science & Engineering A 688 (2017) 352-363

Indentation
instrumented

o
Stress-applying
apparatus

(b) Indentation test

Fig. 12. Installation of (a) tensile test for introduction of residual stress and (b) indentation test. (a) Tensile test for introduction of residual stress (b) Indentation test.

indentation tests on the stressed samples and are presented in Table 5.
The relative errors of the material properties and residual stress values
estimated using the proposed reverse algorithm when compared to the
corresponding tensile properties and nominal introduced stresses of
each material are also presented in this table. Note that since the equi-
biaxial residual stress is equivalent to the half value of the uni-axial
stress, as argued by Giannakopoulos [31], the residual stress values
obtained from the reverse algorithm are a half of the final residual
stress values listed in Table 5. It is clearly evident that not only the
material plastic properties (0, n, and a) but also the residual stress
(or) value can be well estimated from each indentation test of stressed
samples for both steels. Most indentation tests on stressed samples of
$S400 and SM490 steels exhibit relative errors within 15% for the yield
strength and the strain hardening exponent, while most relative errors
of the estimated a value and the residual stress are less than 20%.
These relative error values are acceptable when compared with others
results reported in the literature [14,18], and it is believed that the
errors could be reduced by using smaller increments of E/a,,, 0z/0y, n,

] Ss400
200 4 —— k=0

] Ok=117.3 MPa
S 150 ] Or=236.9 MPa
E ]
R 100 - 7
o g s
- d ol

50 ,43':':"
0 +———hr
0 500 1000 1500 2000

Penetration depth (nm)

(@

and a during the reverse analyses. By averaging the obtained material
properties and residual stresses from nine indentation tests on each
stressed sample, it is recognized that the averaged values of obtained
material properties and residual stresses are in very good agreement
with the properties observed from tensile tests and introduced stresses
for both stress states of S8400 and SM490. Indeed, the relative errors
between the averaged values of the obtained material properties and
residual stresses from nine tests when compared to the corresponding
tensile properties and nominal introduced stresses at each stress state
of both materials are in the ranges of -2.3% to 5.5% for yield strength,
-0.8% to 5.2% for strain hardening exponent, —-2.4% to 6.2% for a
value, and —1.5% to 2.7% for residual stress. This observation indicates
that the proposed reverse algorithm could provide a good estimation of
material properties as well as residual stress introduced in the material
the by averaging the obtained values from a large number of indenta-
tion tests, specifically nine tests in the present study.

SM490
200 -+ Ok=0 ’
--------- Ok = 184.6 MPa
=150 ] - Ok =311.5 MPa

0 500
Penetration depth (nm)

®)

1000 1500 2000

Fig. 13. Mean P-h curves of nine indentations in each stress state of (a) SS400 and (b) SM490.
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Fig. 14. Comparison between FE analysis and experimental P-h eurves.

5. Conclusion

In this study, a method that allows estimation of the equi-biaxial
residual stress, yield strength, the strain hardening exponent, and the ¢
value of structural steel from the load-depth curve of one sharp
indentation test is proposed. Based on the FE analysis results of the
indentation process with a large number of different material proper-
ties combinations, the effects of residual stress and plastic parameters
on the indentation response were investigated, and a reverse algorithm
for estimating four unknown quantities (og, oy, n, and ) of steel was
established. A stress-applying apparatus was designed to allow for the
introduction of a compressive or tensile stress to the sample by
applying a compressive or tensile force and maintaining the stress
after releasing the force. Indentation and tensile tests were performed
on tensile stressed samples of $S400 and SM490 steels to verify the
accuracy of the proposed reverse algorithm. For most indentation tests
of two materials with different residual stress levels, the relative error
of the reverse algorithm from a single indentation test is within 15% for
material plastic properties (o, n, and a) and less than 20% for residual

Table 4
Indentation parameters of samples with tensile residual stresses.

stress oz. The error of the algorithm is demonstrated to be minimized
by averaging the results obtained from a large number of indentation
tests such as nine tests in this study. Indeed, the relative errors between
the averaged values of obtained material properties and residual
stresses from nine tests when compared to the corresponding tensile
properties and nominal introduced stresses at each stress states of both
materials are in the ranges of -2.3% to 5.5% for yield strength, -0.8%
to 5.2% for strain hardening exponent, -2.4% to 6.2% for « value, and
-1.5% to 2.7% for residual stress. The results indicate that the
proposed reverse algorithm in this study can relatively accurately
characterize the plastic parameters of structural steel and equi-biaxial
residual stress introduced in the steel from indentation.
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$8400 SM49%0

W, W, 5 . B W, W, 5 R B

(N.mm} (N.mm } (N /mm} {mm} () (N.mm} (IN.mm } (N/mm} (mm} (mm}
(a) og = 117.3 MPa (a) og = 184.6 MPa
Test 1 0.10893 0.00417 1824.6 0.002018 0.001866 0.13416 0.00587 1984.8 0.002018 0.001842
Test 2 0.10657 0.00393 1864.4 0.002020 0.001875 0.14567 0.00692 1969.7 0.002020 0.001826
Test 3 0.10721 0.00391 1863.0 0.002033 0.001888 0.12530 0.00492 2041.7 0.002033 0.001875
Test 4 011595 0.00463 1879.3 0.002018 0.001858 0.13997 0.00634 19926 0.002018 0.001833
Test 5 0.11695 0.00473 1881.2 0.002013 0.001851 0.12015 0.00468 2016.4 0.002013 0.001860
Test 6 011121 0.00415 1938.6 0.002018 0.001868 0.12825 0.00523 2047.0 0.002018 0.001853
Test 7 0.09955 0.00337 1898.0 0.002021 0.001888 0.11923 0.00445 2080.9 0.002021 0.001872
Test 8 010948 0.00429 18209 0.002003 0.001849 0.12040 0.00485 19613 0.002003 0.001845
Test 9 0.12236 0.00515 1867.4 0.002023 0.001855 0.14628 0.00686 2000.0 0.002023 0.001829
(b) o = 236.9 MPa (b) 6 = 311.5 MPa
Test 1 0.09480 0.00312 1867.0 0.002018 0.001892 0.11452 0.00423 2019.3 0.002018 0.001876
Test 2 0.98250 0.00396 18799 0.002022 0.001874 0.11083 0.00425 2041.7 0.002022 0.001872
Test 3 0.09996 0.00346 1863.9 0.002021 0.001889 0.11284 0.00403 2060.7 0.002021 0.001882
Test 4 0.96009 0.00360 18588 0.002021 0.001879 0.11716 0.00506 19918 0.002021 0.001862
Test 5 0.10418 0.00375 1875.8 0.002021 0.001884 0.10888 0.00381 2028.1 0.002021 0.001888
Test 6 0.09991 0.00355 1814.9 0.002022 0.001889 0.11899 0.00501 1953.4 0.002022 0.001859
Test 7 0.90999 0.00368 1859.1 0.002029 0.001884 0.11169 0.00422 2030.8 0.002029 0.001880
Test 8 0.99442 0.00410 1806.0 0.002015 0.001860 0.10290 0.00350 19783 0.002015 0.001888
Test 9 0.09120 0.00289 1869.1 0.002017 0.001897 0.11848 0.00452 2028.1 0.002017 0.001869
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Table 5

Material properties and residual stress determined using proposed reverse algorithm.

Muteriels Science & Engineering A 688 (2017) 352-363

ay (MPa) % err. oy or (MPa) % err. op n % etr.n a % err. a
88400 (@) or = 117.3 MPa
Test 1 271.3 -13.5% 95.0 -19.0% 0.273 12.4% 78 -20.3%
Test 2 306.5 -2.3% 137.9 17.6% 0.274 12.8% 94 -4.0%
Test 3 278.2 -11.3% 102.9 -12.3% 0.270 11.2% 93 -5.0%
Test 4 341.2 8.8% 122.8 4.7% 0.253 4.0% 10.7 9.2%
Test 5 355.9 13.5% 113.9 —-2.9% 0.259 6.4% 11.9 21.2%
Test 6 347.2 10.7% 121.5 3.6% 0.209 -13.8% 10.9 11.0%
Test 7 280.5 -10.6% 126.2 7.6% 0.232 —-4.4% 9.5 -3.0%
Test 8 288.7 -8.0% 92.4 -21.3% 0.276 13.6% 86 -12.3%
Test 9 336.6 7.3% 131.3 11.9% 0.238 -2.0% 80 -18.0%
Ave. 3118 -0.6% 6.0 -11% 0.254 4.5% 9.6 -2.4%
STDEV 317 152 0024 13
cov 10.1% 13.0% 10.0% 13.3%
(b) o = 236.9 MPa
Test 1 273.6 -12.8% 199.7 -15.7% 0.235 -3.2% 9.5 -3.0%
Test 2 363.7 16.0% 294.6 24.4% 0.222 -8.8% 11.0 12.0%
Test 3 283.7 -9.5% 229.8 -3.0% 0.218 -10.4% e -21.0%
Test 4 298.2 -4.9% 196.8 -16.9% 0.237 -2.4% 85 -13.0%
Test 5 316.2 0.8% 240.3 1.5% 0.229 -5.6% 10.0 2.5%
Test 6 293.8 -6.3% 273.2 15.3% 0.280 15.2% 11.1 13.0%
Test 7 323.5 3.1% 274.9 16.1% 0.227 -6.4% 8.7 -11.0%
Test 8 329.9 5.2% 260.6 10.0% 0.266 9.6% 9.2 —6.0%
Test 9 275.8 -12.0% 2207 —6.9% 0.245 0.8% 11.4 16.0%
Ave. 306.5 -2.3% 2434 2.7% 0.240 -1.2% 9.7 -1.2%
STDEV 287 33.3 0.020 12
ooV 9.2% 14.1% 81% 12.3%
SM450 (a) og = 184.6 MPa
Test 1 442.9 12.1% 225.9 22.4% 0.272 18.4% 14.6 21.0%
Test 2 452.4 14.5% 194.5 5.4% 0.259 12.8% 9.4 —-22.0%
Test 3 392.0 -0.8% 152.9 -17.2% 0.256 11.2% 139 15.0%
Test 4 435.6 10.2% 183.0 —-0.9% 0.239 4.0% 10.7 -11.6%
Test 5 387.7 -1.9% 193.9 5.0% 0.245 6.4% 12.9 7.0%
Test 6 435.6 10.2% 217.8 18.0% 0.214 -6.8% 13.2 9.0%
Test 7 400.9 1.5% 208.5 12.9% 0.197 -14.4% 12.6 4.0%
Test 8 350.5 -11.3% 140.2 -24.1% 0.270 17.6% 10.4 -14.0%
Test 9 456.3 15.4% 196.2 6.3% 0.225 -2.0% 10.0 -17.0%
Ave. 4171 5.5% 190.3 3.1% 0.242 5.2% 120 -1.0%
STDEV 40.3 336 0.027 18
ooV 10.2% 18.2% 11.8% 14.6%
(b) og = 311.5 MPa
Test 1 366.3 -7.3% 256.4 -17.7% 0.223 -3.2% 11.3 -7.0%
Test 2 410.3 3.8% 291.3 —6.5% 0.210 -8.8% 12.7 5.0%
Test 3 382.1 -3.3% 263.7 -15.4% 0.206 -10.4% 13.1 8.0%
Test 4 416.7 5.4% 333.4 7.0% 0.224 -2.4% 11.1 -8.0%
Test 5 360.0 -8.9% 302.4 -2.9% 0.217 -5.6% 12.2 1.0%
Test 6 433.8 9.8% 373.1 19.8% 0.274 19.2% 14.4 19.0%
Test 7 426.8 8.0% 3713 19.2% 0.215 -6.4% 14.2 17.0%
Test 8 328.7 -16.8% 299.1 —4.0% 0.252 9.6% 125 3.0%
Test 9 404.0 2.2% 270.7 -13.1% 0.232 0.8% 143 18.0%
Ave. 3921 -0.8% 306.8 -1.5% 0228 -0.8% 129 6.2%
STDEV 332 41.5 0.021 14
cov 8.4% 13.3% 9.0% 11.5%
a All errors were computed as (X7 — Xexp)/Xexp, Where X represents a variable.
b COV is the coefficient of variation.
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Abstract— Mechanical properties in the weld zone of a
popular structural steel SM520 were characterized using
indentation and finite element (FE) analysis. Indentation tests
were performed across the weld zone including portions of weld
metai (WM), base metal (BM), and heat-affected zone (HAZ).
Hardness (H), elastic modulus (E), yield strength (oy), and strain
hardening exponent (n) were extracted from indentation
load-depth curve with the aid of FE analysis. The results showed
that H, E, 0,, and n values in the HAZ decrease in the direction
from WM to BM region, the average values of H, E, oy, and n in
HAZ are highest, whereas WM has a lower E but a higher H, o,,
and n than does BM.

Keywords: Indentation;, Mechanical properties; SM520 steel;
Weld Zone.

I. 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 different main
regions: fusion zone (weld metal-WM), heat-affected zone
(HAZ), and base metal (BM) in the weld zone [1]-[3]. The
performance of the weld joint is governed by the properties
in WM, HAZ, and BM. Therefore, the mechanical properties
in WM, HAZ, and BM including hardness (H), elastic
modulus (£}, vield strength (g;), and strain hardening
exponent (n} need to be characterized, especially for the
weld zone of SM520 steel, which is a very commonly used
structural steel in Korea.

Indentation has been widely used in many engineering
fields as a powerful tool for characterization of material
properties [4]. While Oliver & Pharr’s method is popular for
extraction of H and £ from the indentation test [5], a
method proposed by the authors can be used for
estimating o, and n of structural steels, which show plastic
plateau in their stress-strain curve, from the load-depth

Acknowledgements: This research was supported by a grant (15CTA
P-C098306-01) from Technology Advancement Research Program funded
by Ministry of Land, Infrastructure and Transport of Korean.

curve of indentation [6]. Since indentation test allows
accessing to the local properties in the indented area, it has
been extensively utilized for investigating the properties of
inhomogeneous materials such as steel weld zone.

This study aims to investigate the mechanical properties
in the weld zone of SMS520 steel by combining the
aforementioned methods with the aid of FE analysis. For
this purpose, indentation, tensile tests, and FE analysis
were carried out.

Il. 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 using metal arc welding. A slice cut
across the weld and out from the welded plate was used for
indentation specimen. The specimen surface was polished
to be smooth and flat in order to reduce the error of
indentation tests.

A series of indentation tests consisting of 5 x 26 indenting
points was performed across the weld zone using a Nano
Hardness Tester machine. The indenting series covered
portions of weld metal, heat-affected zone, and base metal.
Berkovich indenter made of diamond with elastic modulus
of 1141 GPa and Poisson’s ratio of 0.07 was employed. A
fixed maximum load of 160 mN at a constant loading and
unloading rate of 320 mN/min was applied for all
indentation tests. Tensile tests were conducted 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 SM520 steel specimens. Fig. 1
shows specimens of indentation and tensile tests.

Fig. 1. Specimens of (a} indentaion and (b} tensile tests.
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Ill.  PROCEDURE FOR DETERMINATION OF MECHANICAL PROPERTIES
FROM INDENTATION AND FE ANALYSIS

A. Determination of H and E
Fig. 2 illustrates a typical load-depth (P-h) curve.

1db,
dhly

P,

Loading ~

P (Load)

Unloading

[ N
h (Penetration depth)

Fig. 2. Typical load-depth (P-h) curve.

Hardness and elastic modulus of indented material can
be extracted from characteristics of the P-h curve, as
follows [5]:

H:A7’ (1}

f Nrs
r_2ﬁ\/A—r'

12 1-v2 |
Er:{ E +7EJ , (3)

i

(2

where P, is the maximum applied load; A, is the projected
contact area; E, is the reduced modulus; 5 is the initial
unloading slope; [ is the correlation factor for indenter
shape; and E, v, £, and vu; are the elastic modulus and
Poisson’s ratio of the indented material and indenter,
respectively.

B. Determination of G, and n in BM
A method proposed by the authors was used for
extracting o, and n of structural steel from the P-h curve of
indentation. In this method, o, and n can be determined
with respect to «using the following polynomial equations

[6]:

v

E L& TR
D 3D 39 I M A s (a)
O, &tk c

4 4 3 E' =
Y 5
> B e Iny | )
£, 222 =

where «is defined as the ratio of the strain at starting
point of strain hardening and the vyield strain; C is the

loading curvature; £ :[(1—\/2)/EJ71; and ay and by, are

coefficients. Since the & value of BM can be obtained from
the tensile test of SM520 steel, the proposed method was
directly used for determining ¢, and n in BM of the weld
zone. The further details of the method can be referred to
the literature [5].

C. Determination of oy and nin HAZ and WM

Since the ¢ value of HAZ and WM regions in the weld
zone regions in the weld zone could not be obtained from

tensile test of the welded specimens, while preparing mini-
or micro-specimens from the weld zone that allows
determining o value of the weld zones is a rather difficult
task due to the small-size of the zones [7], FE analysis is
now currently considered an appropriate approach. To
obtain the « value of HAZ and WM, the FE analyses of
indentation were performed using the nonlinear finite
element analysis program ABAQUS [8] for correlating the
experimental with the simulated load-penetration depth
curves. The material model for structural steel that was
used in the previous work was applied in this study [6]. For
the set of simulated P-h curves, FE analyses were
conducted for the total of 560 combinations of different
material parameters, in which o varied from 3 to 9 (for
every 1), g, 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 £ = 206.3 GPa
that was averaged from E values obtained from all
indentation tests in HAZ and WM regions was used for all
FE analyses. The above ranges of o, 5,, and n were chosen
after paying a special attention to o, o,, and n values
observed in BM and daing some prior FE analyses in arder
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 celumn in HAZ
and WM regions to determine the corresponding o values
and the obtained value of o =5 and a = 6 was considered
the representative «value for HAZ and WM region,
respectively. Once crvalue of HAZ and WM was estimated,
the yield strength and strain hardening exponent in HAZ
and WM could be determined using (4} and (5).

IV.  RESULTS AND DISCUSSIGNS

A. Indentation response in the weld zone

The representative P-h curves in three regions of the
weld zone are presented in Fig. 3. As is seen from this figure,
the shape and magnitude of the P-h curves change
significantly with the individual weld zone, signifying that
the indentation response is highly sensitive to the
metallurgical condition resulting during the welding. For the
present weld zone, the maximum depth in HAZ is smallest,
while the depth in BM is larger than that in WM.

150

i
o
o

Load {mN)

w
o

0 500 1000 1500
Penetration depth (nm)

Fig. 3. Representative P-h curves in the weld zone.

B. Mechanical properties in the weld zone

Fig. 4 shows the distribution of H, £, 5, and n across
the weld zone, where each data is averaged from 5 values
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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 represent the average
values of all data points in the WM and BM regions, while
the dotted line is the linear fitting of all values in HAZ
regions. As the results, H, £, ,, and n values in HAZ
gradually increase in the direction from BM to WM region.
The average values of all properties in HAZ are highest,
while WM has a lower stiffness but a higher hardness,
strength, and strain hardening exponent than does BM, as
shown in Table 1.
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Fig. 4. Mechanical properties in the weld zone.

Table 1: Mechanical properties obtained frem indentation.

Location H{GPa) E(GPa) o,{MPa) n

BM 31 208.6 426.4 0.216
HAZ 32 212.2 470.9 0.230
WM 35 196.4 434.6 0.214

C. Verification

The results of £, o, and n in BM obtained from
indentations are recognized to be agreed well with the
tensile test results of SM520 with a small relative error of
-1.96%, 0.66%, and 7.46%, respectively, as listed in Table 2.

Table 2: Tensile test results of SM520 steel.

Test Spe.No £(GPa) o, n 23

Tensile s1 214.4 423.6 0.203 59
s2 212.2 421.7 0.193 6.4
S3 211.7 425.6 0.207 6.3
Ave. 212.7 423.6 0.201 6.2

Indentation BM 208.6 426.4 0.216

% error -1.96 0.66 7.46

To examine the results obtained from indentation tests
in HAZ and WM regions, FE analysis of tensile test using
ABAQUS program was conducted [8]. The steel and welded
specimens for tensile tests were modeled using 8-node
element C3D8R. The material model for structural steel
used in the previous work [6] was used for the material
properties definition of SM520 steel as well as of both HAZ
and WM regions. The FE model was first verified by
simulating the tensile test of SM520 steel. The properties of
SM520 steel in Table 2 were used for the input data in this
simulation. Fig. 5 shows the comparison of the failure mode
and Fig. 6 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 the figures indicates that the developed FE
model can be used to accurately simulate the tensile test.

(a) Experiment

{b}) FE simulation
Fig. 5. Failure mode of SM520 steel specimen.

100,000
80,000
g wom
3
53
S 40,000
20,000
. 50000
————— FE analysis oom oazs 005
0 : | ! ! . | .
0.00 010 020 030 040

Engineering strain

Fig. 6. Comparison of load-strain curve of steel specimen.
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The tensile test of welded specimen was then simulated
using the developed FE model. The weld portions including
WM and HAZ regions were also taken into account and the
mechanical properties obtained from indentation tests
were used for the definition of the properties in these
regions (see Table 1). Fig. 7 shows the comparison of the
failure mode and Fig. 8 shows the comparison of load-strain
curve between simulation and experiment of the welded
specimen. Good agreement between both the simulated
and experimental failure mode and load-strain curve
chserved from these figures indicates that the properties (E,
o, and n) determined from indentation tests in HAZ and
WM regions are reliable and valid. Concerning the hardness,
the values of H = 3.1 GPa, H = 3.2 GPa, and H = 3.5 GPa
(Table 1} that represents to the hardness of BM, HAZ, and
WM, respectively, are consistent with the related literature

[1]-3].

(b) FE simulation
Fig. 7. Failure made of SM520 steel specimen.

1 Exp. W1
20,000 - Exp. W2 5p,000
Exp. W3 00000 0.0250 0.0500
Tl 2z FE analysis-with weld properties
0 T T T
0.00 0.10 0.20 0.30

Engineering Strain
Fig. 8. Comparison of load-strain curve of welded specimen.

V. CONCLUSIGNS

In this study, indentation with the aid of FE analysis was
used for characterization of the mechanical properties in
the weld zone of SM520 steel. Some following conclusions
can be drawn from the test and analysis results:

The indentation responses in the weld zone are highly
sensitive to the metallurgical conditions during the welding.
The maximum penetration depth in HAZ is smallest, while
the depth in BM is larger than that in WM.

The mechanical properties in the weld zone determined
from the indentation tests with the aid of FE analysis were
demonstrated to be valid and reliable by comparing with
the results from tensile test, FE simulation, and other
literature. For the present weld zone, the hardness, elastic
modulus, yield strength, and strain hardening exponent
values in the HAZ gradually decrease in the direction from
WM to BM region. The average wvalues of mechanical

properties in HAZ are highest, while WM has a lower
stiffness but a higher hardness, strength, and strain
hardening exponent than does BM.
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Abstract— In this study, Nano Hardness test was carried out
ot room temperature with different strain rates from 0.002 stto
0.2 5'1,. A reverse aigorithm was used to determine the yield
strength from the load-displacement curve of the indentation
test. From the obtained yield strength and hardness at different
strain rates, the hardness-yield strength relationship was
constructed.

Keywords: Hardness; Nanoindentation; Reverse algorithm;
Yield strength.

I. INTRODUCTICN

Structural steel is one of the most widely used materials
in the bridge and building construction due to several
advantages, such as the low cost and easy machinability
and weldability. The hardness (H) and the yield strength
(o,)} are the important material properties of structural
steels. In order to determine the hardness and yield
strength, several tests must be carried out, such as the
tensile, compressive, and indentation tests, in which the
indentation test is a good choice since this test allows
extracting both the hardness and yield strength of materials
[1]-[3]. Furthermore, the indentation technique has several
advantages, such as the short testing time and the low cost.

In early works, the relationship between hardness and
yield strength has been constructed by combining the
results from tensile and indentation tests [4], [5]. In these
studies, the yield strength was obtained from the tensile

test, while the hardness was obtained from indentation test.

However, determining the H/c, ratio by using these both
tensile and indentation tests is a high cost and
time-consuming task. The relationship between hardness
and yield strength was also investigated based on the open
literatures for the indentation technique [€]. Although that
method is acceptable, the inconsistent input data of the
yield strength and hardness values are a limitation of the
study bhecause the hardness-yield strength correlation is
constructed based on the data collected from seven
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government

different studies [6]. The vyield strength now can be
calculated by using a reverse algorithm for indentation
technique [3].

The aim of this study is to investigate the relationship
between the hardness and the yield strength by using
indentation technique.

Il. METHGDS

A. Determination of the Hardness

The hardness of the material can be extracted from the
load-penetration depth curve of indentation, as follows [1]:

H=-r, (1)

where P,, is a maximum applied load, A, is the projected
contact area. In the indentation technique, the project area
is calculated by using the following equation [2]

A =245 vl v i e i el (2)
where h. is the contact depth.
B. Determination of the Yield Strength
The true stress - strain curve of structural steel can be
expressed as follows [3]:
Ee (e<¢)
ag=40, (¢,<e82¢,) (3)
o, [1+E(e=2,)/(a0,)] (6> 2,)
where g, is a yield strain, e, is the strain at the
starting-point of strain hardening, « is a plastic property
defined as the ratio of g, and g, £ is elastic modulus, and n
is strain hardening exponent. The vyield strength of
structural steel can be determined from the indentation

data by using a reverse algorithm, which consists of
following dimensionless equations [3]

E,* oML I g E: i1
=IL=2>>a,n o () (4)
o, i=1 j=1 k=1 C
i-1
N 3 E
— =11, = b e In(== i 5
B, : ;Z:;JZ::';CZ:; o (o—y) ©)

- 153 -



where a;; and by, are coefficients, and C is the loading
curvature calculated as C =P, /.

IIl.  EXPERIMENTS

A. Specimen Preparation

The specimen for the indentation test is a flat plate with
a size of 20 mm x 12 mm x 8 mm. Fig. 1 shows the samples
of 55400 steel after being mounted and polished.

Fig. 1. Specimen of structural steel after polishing.

B. MNano Hardness test

Nanchardness tests are carried out at room temperature
using Continuous Stiffness Measurement (CSM) technique
by controlling a loading strain rate. Berkovich indenter
made of industrial diamond with an elastic modulus of 1140
GPa and Poison’s ratio of 0.07 is imployed. The maximum
displacement is 2000 nm, which is applied to all points
during indentation tests.

IV. RESULTS AND DISCUSSIONS

A. load-Displacement curves

Fig. 2 presents the load-displacement curves of structural
steel. The results show that the maximum load increases
when the strain rate increases. From the indentation data
that are extracted from the load-displacement curves,
several material properties can be calculated, such as the
hardness and the vyield strength.

Sl T
—  1Ix10st

160 +
— 4x10?s!
_ —  2x102s!
% 120: 1 1x102s!
% — 4x107%s]
80 2x1073 st

40 +

0 = ¥ E—l)
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Penetration depth (nm)
Fig. 2. The load-displacement curves of nanchardness test
at different loading strain rates.

2000

B. The Relationship between Yield Strength and Hardness

Fig. 3 shows the correlation between hardness and vield
strength. The input data of this correlation are assembled
from the hardness and the vyield strength values at the
different strain rates.

In this study, the relationship between hardness and
yield strength is found to be described by an exponent
equation as follows:

o,=a e (6)
where a and b are material dependent constants, which are
71.12 and 0.00089, respectively.
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Fig. 3. The relationship between hardness and yield

strength.
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It can be recognized that (6) well describes the
hardness-yield strength relationship with an R-square of
0.85. The correlation between hardness and vyield strength
constructed based on the indentation results is reliable and
acceptable.

V. CONCLUSICNS

In this study, the nancindentation test is performed on
structural steel with different strain rate. The relationship
between the hardness and the vyield strength was
investigated based on assembling the values of hardness
and vield strength at different strain rates. The
hardness-yield strength relationship can be described hy an
exponent equation.
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