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ABSTRACT

Mont ana St at &l Wmiev erosaidteyrds( IIPnL) i s a mac
mec haniactalrauplrtaipest aees ofplsdme stsr amgd!l &t
rotation. Historically the mawalpispne has
re appayialg moads can betteMheed ®Li be a
tingsmacbigetal | mage Correlation (DI C)
tem to measure strains on the surface o
tern applied to the gage section.

The focus of this work wassittaot ite sdompesi

i ng, specificall | ooking to explore t

y

in r%toest.of Tlmims 1Wor k explored the speed
| PL and determinedia&hsbial amlcescgapgen s@g:
material strength 304 Stainless Stee
I on. Experi mental tensile test data wa
titutive model T thiesn aosresdt iwti uthi vaen d@ gnpd
te el ement analysis (FEA) model. To st
| PL, strain from theedIl Wi texptelme membBA arl e ¢
e the strains pwmededt €dony e pea FbEeatntineard
rstanding of the | PL capabilities has
mmendati ons have been -anaidel stoe gthiartg ha fg
be i mplementeduwi vk model sobust const.i
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| NTRODUCTI ON
Moti vati on

[ n order to cl assitfhyemat emapaeap earl tsi else hml
det er.mi heesdt s f or i ntrisusihc ama teelo@ &l sspe aper
mo d u(l G)s acssl O (adre catriwvdpore tension or s
of f axis | oadi pgs dresavegeed fWbenuse, rarely
tension or shedtuldn atxhelccmpdrepnest iastr edipalilly
noindeal .o hHd#w cases(LloRRld)eombi ned with Aramis
Correl ataifagbnad)bbtivs for a user toleadidgwpgtpaet |
whil e outputting ftorac e, dditaap!| ave & he mti ,n i anad

I n the develrepitng@fa bemdteer ualderext@aedi e
axioaaldsl under el evat edsosft rtahiinp nregtsessa.r cahTédne o

1. Val i dat-pel aanhee liona dcehrasr aathe éla May® rtaooh r a't

sensitive materials under multiaxi al

2. Devel op a met hod teab yc dnRpeaarnee dLaotaad ea o |

di gital i mwgéhcoeseal asi obt ainmé ysusin

sof t.war e

3. Provide i npiutte ricabtritdirien emelxdader
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El astic &efdraasdtoins D

When designing partslantdwiatsBiambmater i al :
i mi tWi a himabdeldiaalti ¢c ségaemsst r aitnoscurve beha

predictabl eas |g&egqr manner

GCo

3
\fractu re
t

Ef

o, Stress

€, Strain

Figlhir eStress/ $thr diimeaur vd awiti ¢ rregi on hi

For an i sot r amide rmat awrniiaalxilalkk el oaear hespb
This rel ati ons(heigpn . Ble)s he wafodbrenh otwat i on

s 00 (1

El ast deformati on does not i nvol ve the [

but rather t b ngdi&Jtertacihnt hgeg el atshéc regi me i

11, Dowling, N.E.,Mechanical Behavior of Material$-ourth ed. 2013, Upper Saddle River, NJ:
Pearson. 936.
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applied | oaldnliis er eprhaavseéd city or <creep, t hi
| oadi ng r[altles or ti me
Wh en taermaal i's placed untdrasai cyiddallmiwhi c
stremsinelastic defopenama men tadwwwg @ amwm it n g
[ 24t t his point a portion of the strain wil
typitchiaisytpilc strain is time independant, h

ti me deps8hMeanlteni cal Be h®dwiwo 8 tnayt piMaet sttt alcs

deor mati onn ¢ &iarl gytoacctuamseous!l y as the stress
deformBhii®onperdahenmati on i s calbyg ermiditbiyors he s
of di sl ocnaattieorndBdliisn dehsecr i bed aasasantiomcceimen

are not broKegnbet mogtressopér ofulglh t he mater

Strain Ra@Gen sSteivitsd & 1i svee

Materials Tested

The ematal chosen 3f0dir Stthaii i hetssdwd svewaesd 0 4
SScan represent a wiwethvant et gstoifngmadterra
properfThes focus om ¢ hawadt dhiewiutsiteelellyi t s str
sensittexptygre the | PL6s ability teaxdhdr act
| oadAdnigust ments to the materials gewenet oi e s
di scovering | i mi tiaptpiieobngsIHiiitsyt orh € al PYodsat grMo
University cowgroesigievemuposisnagyemaebdbtch s0r
fieTdhs high el astic modulus of stainless s

being used.
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Strain Rate S¥inscophvastPiasticity

Many plastics and metoal sa exhhinbgiet iwo rtkh eh
sl op,ewhen experienci np3bilsatsdariicc alelfyohiugdd & rosnt

straiphn arsdatie def ormati on behavior wgsodrive

the effectivenessFbpgatank armor i s show in

L T g Frme . S A

Fi g2areStudying the effects of balli%tic im

Furthermore, other relatshnempesatur eti f
mat egafatteni ngaswisltlr ao mmc usrai é oemfgmM@Ehetrisg h
temperature ao@mdi sireatopmesane i n hi dghi speed
phenomesnomi gbependent on the matile92%Rl B. H.ry
Norton matt eftiieed r ates at el evated temperatu

relatively few years that the I mposé¢éfamice

2 https://www.snafesolomon.com/2017/12/m4a3¢2mbo-out-armoredtiger-1s.html
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strengthhioghsteapbAaataeaxaempl e of this therm
seefkiglre
|_ T T T T r'_._.- _'_J.;-F'_ I T
gl_ ) Feiyorysich o
e || 9 PTROR -
1.’-| == 00 rin
2T === T
[~ L _
m B ==
£ ] _
;'ﬁ —
g S
il ——-::_—_':__t----—f::i_—--------*-
| == bk -
r'-‘-'-._'_'-__| i i I 1 I 1
2 4 & 8 L+ 2 2] L3 2]
EWGREERTG STRAN %
Fi g8Plot created by U.F. Kotckai mld atse rce p en
in al ¢dmi num.
Toanal ydesaltibhe the beheaewil omoidedarls ol s dd ¢

Thesmedelonisi st of
these anal ogues,
sensitivity,

il lustrate the
Venant

and

34,
Materials and Technology, 19783(1): p. 7685.

vamnisows

dchwat iwdrs

r Rseeonl soi gti i cvael
(ed reymefnrti ct nopaerbdkemeht Wi th

dashpo[t6Tihm spamrsalpll@alc)ed i n

cpmbingat 6diadshpot s

danrc orp od ert iev gd ¢

andt ¢ etnper sttt EShi aankesss baerhda VG @z z «

vm oadteol p Yf aogrkt- @ac i r nagt te
a( snpornilnign e

series with ¢

Kocks, U.F. Laws for WorkHardening and Loviemperature Creedournal of Engineering
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the elastic deformation in the/emaneéer iedle.meT
forbesenstWhiheé suseful , experi ment al testi
more accurate materi al mo d e |

The I PL is unique in that Iisppeieslsc-hpepadalvlee
st atnidc bal | i stic I mpactsverAadair g adefhdliclhd hats

lcontains a range of strain rates, and wher

Tabll eCompari son of various materi al

Test Type Test Rate
QuaStiati c 10t o 34
| ##1 ane Loader 16t o %st
Car Accident/E 16t o3st
Expl osives 198t o°st

Wo r kJ ool nGooonk

Published in 1985, Gordon R. Johnson ¢
Division, and Wil |l i anmaHne nCto olka boofo dtéhoee gAitrh eF
strain rate and high temper.atdloffnsboenhaamadr
hi ghlight that wunder dynamic |l oading (i mpa
high stewaéamddiattiesnadildly texmpeddater §FThme ns
reseatredlte f $ om qgpueaesdgds bs tgaht iscugm b 6dratdgnami c

i mpakdmlnson andtieo&f seads edf strain-rate
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free high thermal pemduAtm8d Ol sd®EF Q)i n€@o ot
met.&Flog von Mises tensile flow stress, Jolt
expresnibguati on 3.
, 0 o6 p O0dEp Y (R
Here A is thet madies ttabbasrndygreihrsld anuni t s o

stresisp Ui 8¢ratrain harsdentihragnsld x mo mesrtaQ e ¢ «

Addi tjiidnalilsy a di mensionl esas rpltadfiimhester ai

experimentatéeffedenheemsnedi)s dad et Ha ywli &satlil ¢

ratYe s the homol ogous —t+empwherteurTe idse fti ensetdi m

Toi s the referengies tteme ematteurriea| sanme ITt i ng t

| Equat,i anhe2nt etrhmres second and third terms
rate and temper aesptecdtelpe hrgetaecreisdalraai Nt red at
Johnson and Qaadstigpteiacsot med est s, biamdal t

Hopkimadres bsdet er mi, neanAl, mB, n, C
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The JeComskonmodelt esa dt aggrai nst a comput ;
cylinder ,i mgact rtag nt°s'atese eacoeugda®gptidnt es

shoawr eeameonntg t heotm@edssul pesr from t he ipmper e

Fi gdar e
OFHC COPPER ARMCO IRON 4340 STEEL orHc corren AAMCO. 1RO 4340 AYERL
 pimciea by | | oot adcrsr | | seamsats |
s 3 >
. T — ,j“-- ~
: = ; » §
] | 4 — .
— TR,
b (RN s = . i :
1 ! s ¥
] ] T i i
kN % 1% o8 f‘
ver30M/8 VeraTMS ve208M/8 - 4
P | et |
V=130 M/S V=18T M/S V=208 M/S
. N o= T
(N 1.2TCM
] T8, LAY oo
b | i T
' ]
t 813,
g s
< « 28 2y
Verasns Ve221M/8 Veat2M/8
bl |

V=140 M/3 V=221 M/S V=282 W38

IR L =
r===3

L= 8icu

-

2
YI.L‘
= ot &
V= 190M/8 veaToMIS v =343M/8

NOTES!

PATIAL LENGTHS L =2 S4CM UNLESS OTHERWISE NOTED
“INTIAL DIAMETERS O, = 782CM

*PLASTIC STRAIN CONTOURS SHOWN AT INTERVALS OF 0.5
= TEST DATA DENOTED BY DOTS (e @)

).\

V=180 WS V=270 N/S V=343 M/8

Fi g@adehnson and Cook's comparison of thei
i mpact tests.

The JeChomskompar amet ertse sftoerd adyl tnhaet erre sae asr

belioma b2 e

47. Johnson, G.R., Cook, William HA Constitutive Model and Data for Metals Subjected to Large
Strains, High Strain Rates and High TemperasuProceedings: Seventh International Symposium on
Ballistics, 19837: p. 541547.
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Tab2l eJoeosa&nconstants for a variety of met

in £983
CONSTITUTIVE CONSTANTS FOR
saidies o - [A . Be"] [hd’mt'][l - T‘n]
NATER (AL SPECIFIC | MELTING

WARDMESS | DENSITY | “year  |rewemarie| A s P : 2z

(ROCKWELL) | tea/md) | (y/xek) ®) (APA) (WPa)
OFHC COPPER F-30 8960 383 1356 % Py, 31 025 1.09
CARTRIDGE BRASS F-87 8520 385 1189 12 505 a2 009 1.68
WLCXEL 200 £-79 8900 ws 1726 163 548 3 006 1.8
ARRCO 1RON F.72 7390 82 1811 175 380 .52 080 0.55
CARPENTER ELECTRICAL RO |  #-83 7890 W52 1811 2% 139 .40 055 0.55
1006 STEEL F-90 7890 452 1811 350 s 36 022 1.00
2024-TISL ALUNINU 875 210 875 775 265 42 3 015 1.00
7039 ALUN{NUR 3-76 2770 875 877 137 363 A1 010 1.00
4340 STEEL ¢-30 7830 w7 1793 72 510 % 014 1.03
$-7 T00L STEEL ¢so | 750 W 1763 1539 a7 18 012 100
TUNGSTEN ALLOYC.O7N1, .03Fe)| €47 17000 | 13 1723 1506 177 12 016 1.00
0U-.75T| ¢-45 1800 | AW 1473 1079 1120 25 007 1.00

Using their equldhmnanCd okn d 6 oremuhset re érseksye a r
to determine the strain hios frreascetaurrceh owi Itlhe
fracture behavior in deptiB85buhei But ®owasr mk
interest in studygnpgactihshpel sawd thd g d todaladgbe d
the. | Bguatsi def Bppepderbyast s rain to fracture

i 0O OA@D,” p Ol p 0OV (3)

Whil e this wielsle arvicetha cptaupreecratmegh as g caitn r a

shoul d be mhtodd dtntsa tthedrireidsur t her expilmg i ng

the. | PL

57. Ibid.
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Wo r kZ eorfa nAlrimst r ong

Frank J. Zeril i and Ronald W Armstron
an i mproved version of a strain rpaB8khend 1t
authors note that the flow stress of two o
copper, and Armce¢ ideeprndehowesi bhemsaeémain
Noting that the OFHC copper shows a rnounc.h hi
Zerahdi Armstrong explore the idea of di s
constituti vieheierl afsiuresnts¢ ht pbsexi sting theorie
which are commonl ytesdadninmothipglovs tdreaian dred ta
of a@ermatl s Dati eggthlack ttaesl9 SHioghmr di &y lisaci ent

i pr eidntghte ratio of final l ength toiicnieniealgy

[ 9]
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Thishoeever it does ndodelatctbher stedalpye medr k
proj &d¢tithe. ti me, the authors saw adeaeakiyes:

on numeyiamd tthdy could not rely on these ¢

dat a.
l 0 0 *
0-8F |[U=0 end state intermediate state
I Pl when %=0.483
e - ¢ | S d state f 2
g 0:6 X Losol end s %Lélﬁ'l
C | L end state
Mg 0-4 T Eﬂ 2=039814
= | L» ‘
0-21 L-X T
l h=0224L

“target plate "L 4

Figbhre. | deVaylopred the Taylor test to expl
paper .

The fodchlleS @7aperi mpasovi-ngtetanadnt emperatu
pl asmodieixgp | ori ngt hadnte qrodiimnsiuzgeel yf ianf mMateea
strength and ductility. The researchers p
JohnGomk andGuNinen ncsonstitutive model s when
with comput &d&haesnitmuoldautcieo ntsh.e | dbebasgethi msisn g ec
accumul ation of dislocatmnisomy, tdred mgenarat iv
Fur t her naurten,ortshedi scuss the differences in
for face centered cubiea eme tcaulbs c( F&QG)a,l sa n B¢
met al s, the ther mal activat iman eird ail g d evpherr e

afrCC, the ther mal activation is obs2ewieldl it

69, Taylor, G.,The Use of FlaEnded Projectiles for Btermining Dynamic Yield Stress. I.
Theoretical Consideration®roceedings of the Royal Society of London. Series A, Mathematical and
Physical Sciences (193¥90), 1948194(1038): p. 289299.
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Armstrong artriivee de qagautdidgaosceosrf ssttirtaus s FCC

andi ZgeastonrsS5 for a BCC met al

o

. Y, of I AgPdY oYar o (¥

Y. OAgBPRY OYar o ! (P

Wherye, € agad ec uni t s ocfansdarces si nfj(WiBmiosf T

nitless, and k i5@MPautl)¥ntisn obfo tsh reecssa txi d res
o account for Wiemdmngariimng axmpesrnitment al cyl
the Zerel modwittnhsltadhasnigd Cookds model OFHC .
eehat the JohnsguwatZdooodk nmootdedr eeddi cEE | ar ge
8The Zeril | i Armstrong model , however appg
es lhtes .r e sghlet sZefrarl | i Ar ms tAr eanargodmald eslh oavp pal
oticeabce Wwhehecemparing i mpact test si mu
oft a materi al at | arge strai ngnat @ati &dhns
ma | | strains, halkebe eho lviesla cstE&fato. k ma tper i al
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Tab3l e Commaroifs Zeri Il Il i Armstrong mode)l, (Eq.
and Johnson Céok experimental

OFHC copper
"4 (e a,
r £ € experiment Eq. (21) Eg. {1}
Ky (s (MFa) (MPa}  (MPa)
204 451 0.01 10 113 154
204 451 0.10 200 217 268
294 451 0.30 340 328 335
493 449 0.01 10 47 154
493 449 0.10 90 165 225
493 449 0.30 280 23 281
730 464 .01 50 24 14
730 464 0.i0 40 126 167
730 464 0.30 200 )| 208
Armeo won
o o (28
T é £ experiment Eq. (22} Egq (1)
(K) (s {MPa) {MPa) (MPa}
204 457 0,01 397 411 357
204 407 0.10 469 478 486
294 407 0.30 535 529 590
496 435 .08 192 248 240
496 415 .10 298 315 126
496 435 030 171 366 367
733 460 0.0l 143 175 177
733 460 0.10 212 242 241
733 4600 030 275 291 293
Abaqus | mpl ementat i mdebf Zeril Il Armstrong

A ZeAinmdtirong plwaasst ide el opoeddel f or Abaqu
Bonorchis at the University oflOC8B8p@asdolwvn
programmed a VUMAT custom plasticiBECmodel

and FCC materiaalcsusthAiomW,UMAS el sc Adatgad mxtpen i

dynamic simulation, as opposed .t oT heen Aibramlu
explicit dynamic analysis module is comput
8. Zerilli, F.J. and R.W. Armstronddislocationdhechanicased constitutive relations for material

dynamics calculationslournal of Applied Physics, 198§1(5): p. 18161825.
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[ 1.1Tlhe devel oppbaskadbtaqgls sts the advantage:
documentati on, i neli undiil eiggipoétnsd udegh amine ssv é m
sheet mef &alL]Atotremmptgs were made t o rCeomprkoduce
based simulation of d304 iwitudht nheasses Speara@da,li m c
produceds ample of the authors VDODMADwproce

Figtir e

p

= Strain increments
¢ Solution dependent
state variables
o old stress state
o old temperature
o old energies
o old user state variables

/ # Material constants
\ v \

If
I FEM model - Abaqus

e geomelry
« material properties
» loading & boundary || VUMAT

conditions

l e interaction Prc[_pf-rtie_-,-

|+ mesh & element type /

Updated state variables \
* new stress state
® new temperature
new energies
s pew user state variables

Fi g6ir eAbaqus flow chart used soyyéRBanorchi

810. Bonorchis, D.Jmplementation of Material models for High Strain Rate Applications as-User
subroutines in Abaqus/Explicin Mechanical Engineering2003, University of Cape Town. p. 229.
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Bonorchiignpt @an single el ement tests in v
Abagqus to verify the adousatyeof hbi soosgst o
at each step, B o n oMecwhtiosn unseet dh oad, sb hi sndv éhté ese ns od |
i enlay bri ef descr itptei avo e&f ntoh e g, i antt tbe det a
equations we&me edivearidtiicadd on was dampbet e,
i mpactotemiss VIUMAEBR per irneesnutlatls of a ©OF HEr mo @ p ¢
ironsing the same methodology is Johnson al

comparing shape oA sampgbkeadt ehi $ hiekRisgnpbraes t ar

7.

Taylor Test

3
i

L

<)

Figar éAn example of results comparing the A
(a) a cust-GmoloVWMATand a cAsm®Mr g iy UMAT

910.  Ibid.
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andb&ecé&s

P. S. Follansbee and U.F. Kocks devel ope
mo d e | at Los Al amos National Laboratory in
strain rate seank2jTihvee noafit iFepCmepmediratiy ,cal t hr e
ia materials flow stress at 0 K. FIl ow str
deformation of a materiankldfestundsbettwdenlt
MTS itself i s.Fa gtgéeomwst iac pll oxalode t he str es
copper using mechanical threshold stress e

600 r l T T

—,

a

500 ~

&

v » &

) 400 ’

Lu |

E w7 >

¢ 300 R -

| JALR -

- Ny : © 0.00014

O 200[ .1'-':,{53 o 0.015

W A + 81

L E & 1800

T 100 4 5000

- 0o 9500

]! | ! i i
0.0 0.2 0.4 0.6 0.8 1.0
STRAIN
Fi g8reStrain hardening curves {for OFHC ¢

1012,

Follansbee, P.S. and U.F. KockRsconstitutive description of the deformation of copper based on

the use of the mechanical threshold stress as an internal state vaAabdeMetallurgica, 198836(1): p.

81-93.
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Li ke Zeril 1l and Armstrongébés wor k, t he
t her mal activattiyomferdrsgyo caand othesnsin t he me
a need fsotrr aai nsirngtlee and temper dthwde | sle@asisboi
behavediatt albow sR reai muasta wolsek t i me had not
strain rthibds. Tabsvds i mpseanoheras 1 dtee rteha
sensictainviitncr ease drastiCoplply albesve hbliesn as
interest as mechanical tUhy &s2adlodl dwstfr@ers st Wa
into strain ratmat erti alle wbedrceombeesn g $ heai n r
Mechani cal t hr eshhyol BHlqg ®a$riecsrs I s defined

. . (TRY, @

Whefea@accounts for rate i ndepeaeindemndureddreic
ol on@gnbgeer r iheer ss.ecinsd a egama lcionngt afi nnsc triaotne de
associ asthearatnoghdsit .adlese are known respective
at her mal componéeid®yp Afrheeiadgduaruaminoerd t o

accouatr dtoe depende[nT]e on temperature

y“O”j”
f TA@BW (7
Heldéeos a constant value, and AIKi')s, tdred Bo

g i sGiththbadee iemeEg@uahiioom i88 equal

Yo 'dh p 8)
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Wi tdbegng a nor mali zedr eaantait eatiiadns esrmeragy
t he maghhBeudse ecfpamd g are constant ®irzehi ch
the shape of the obstacle [pr2o]fil e, where O
The authors combimieve hats ex femeuspg n @maf a® N

Equat.i on 9

QYE T (P
Foll ansbee and Kocks al so discuss the s

QJQ, using itrheEqewdtaitaronloO
— — —"™h (10)

Wherea s hardening by damsdoicatasswameld umah
—is the dyyamie recover

The researchers show that their model I
accurately, a felapfurlmodhéan ngvea idualbteer H oadi r
test of an FCC met al Theyhewecar seccesnfpl
tensile tests of OFHCMsD® fis&. 0 latt isst rrad tne dr att
strain “s4thes mofdel 0 shows unreastmcsaic pehdei
matefl.d@ahese strain rates are beyond those

AnAbaquuwsdar deni ngas egt iBettenJhynsen Van Rerl
S. RKdhk.s i s a valwuable tool toln mpHeimengage
reseaalcdhseerds strain dat ¥aof ROFRBECedthepMd SKo k

equation inttorsmdaimpetli d hendinat i onFastctma®HARD



19

[13]h€ t her mal porti onarddur t i@ vbeyg uhaa tiiomng ftohrer

t wo maHercomponents to Hdgwwateigumtlilon, arrivin
— T YIRY = CYTRY (1

Her,ei,s t evomaomng ther mal ,h,piog tuoed otf o ya &

for interaction withcmabgbomgdnehbcati bhe ai

is a reference vVva.lEyeatoifsohiohks2 ¢ theca re gmuaad u lowns

modul us as defined by Van Rensburg and Kok.

o O
i~ Y (D
Qwﬁw p
Wi tfhan® are empiricall yToderreilvaetde ctoon sttag

formul ati on ¢gfi st heeqHgernd i tbohlidD-wir $ tt en as t he

functi onnalEdgfucartm on 13
OATLE

— — P BATE —

Wheries a copsitsantthenslaturation thrfeshol
constant [fll&8daw ustarteé sosn it mreEghaktidas tli4ssi on O
rate iamets aedpressed as by which another for

above.

(D

Wi tfh, Q, gndeing empiricalntys.deter mined
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Abagus | mpl ementation of MT S

Th¥an Rensburg and Koks Abaqus UHARD cod
Abaqus UHARD is an implicit subroutine th
Systemes documentation showe uUber bmest &0t

order to be Iinpdt]TIsihsolwds GEA emodel

User subroutine interface

o ————— e = o S

user coding to defins SYIELD HARERLD(1) HREED(Z), HARD(3

Fi gaareSkel eton code fotf Abaqus UHAREL

The UHARD sebucecueisnpawaoifabl es.

T The materi abS¥l Fi Bl d stress

T The var iyatitdre sisé swietchequi val ent pl asti
T MITHARD( 1)

T Thwriation of yielguiswualeesrst wpltdaistries p
Tw mTTHARD( 2)

T the variation of vyiell,dlf WHIAIRD(r3espect

1113. G.J Jansen van Rensburg, SKutorial on state variable based plasticity: An Abaqus UHARD
subrouting in Eighth South African Conference onr@outational and Applied Mechanic&012. p. 158
165.



21

T and an array of wuser defined state v
The researchers used miedpbi edachntemeatcst
calcul ated plastic strain rate, duration o
each time step, and then calcul atesAgd he th
a consefuthe euyspee robfo Itilea U atnigemM tInMd dpoi nt i nt

met hods, t he Newtekanp &Is ® msBrye $uhsoitdihieo ki ¢ ® ir ms
of the equatioinsoltwhed MatS telya agdndnof nedach ti
Koks wudiigghtatd dependent variabl ed hEe®lAlrEV)
shown bleabdldehe@aseaalchermsrovide a usef ul flov

their UHARD subRDoDmga&ap h?] oper at es
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Tabd eState variabl es f ode fMbrpe WA RPe salbu ogwt

Ko k'
Variable Definition Allocation
al - at time #", the start of the current STATEV (1)
increment.
Agit] Change in &- for current increment. STATEV (2)
ep™ Equivalent plastic strain £, at the end | STATEV (3)
of the previous increment.
gpH1 Equivalent plastic strain £, at the end | STATEV (4)

of the current increment.
ep" Equivalent plastic strain rate £, at the | STATEV(5)
end of the previous increment.

E'p“"'l Equivalent plastic strain rate £, at the STATEV(G)
end of the current increment.

KINC EINC verification counter allowing a STATEV (7]
single update of the relevant variables

ESTEF KETEFP verification counter used to STATEV(8)

reset STATEV (7) should the analysis
move on to a different step.

Check vield UHARD

[ Begin analysis ] [ Elastic prediction ]_I_. Recover last increment Plastic correction

Iy solution and state

Initial conditions dependent variables: Update state dependent
Increment At | STATEV (1) = STATEV (1)+STATEV(2) variable values for use [
7y STATEV (3) = STATEV(4) in following increment:

Begin step STATEV(5) = STATEV(6)

STATEV(2) = (Aart!),
STATEV(4) = (=3*),
STATEV(6) = (5%'),

Yes

End of step? -
Write output

Fig@&a0 Fl owch&enhsbargVamd Koksf o UHAWRDS subr
constituive model

1213, Ibid.
1313.  Ibid.
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Van RensbuM@§Saodd&Eowas c hec kceodn satgaanitn sstt ri
rate data for OFHC copper,of@oadk comonghealr e dT h éii
shows a belhdtelr anar <tha rito tsetsrtasiinn erhautdeh daa tsat raar

jump when compared with the Johnsboen oamnd nCo

Fi guFeguf a.3]

300

55 [MPa)

e e 25°C, 0.0004s7"

¢ ¢ 269°C,0.1s

" ® 269°C, 0.0004s '

—— Johnson-Cook approximation

Fi gbitvean Rensberg and Kok' ££on&s umlotde | c avinp dor
MTS UHARDMactoedrei.al si mul at'®d was OFHC

Stress [MPa]

e e 25°C, 0.0004s”"
¢ ¢ 269°C,0.1s

" ® 269°C, 0.0004s '
- Mechanical Threshold Stress approximation

86 02 04 06 0.8 10
True Strain

Fi gb2Van Rensberg and Kok's results with t
simulated wa® OFHC copper

1413.  Ibid.

1513, Ibid.
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Mul tiaxiat M8Bdi ng

Under st amgil e laiXii a&clo st at esraarkensi mpost an
part ofi gmmao cTeyspss. caa | tl eys t sampl e experiences
combination of torsion, .Mensaoa, SbadéoUnamwe
Pl ane Ldeaddri nigs uauinti qpuaptaibnige aoft esti ng coup
state of shoriszombtyalwagnadfvert,i cand drioctpdtaicen
aZ-axis tYheplXame storically 1t hcampbsehestgflt o
to study tph e ceinipeocstiisn @otfhie gai-amu lat stress st a
pl ane | oader, when combibDniegdiitnaalgteh Gohrer e G@k
measur e meinst a yppdovweehr fuusled t o better uUundhetsta
to thisopbgent thaaesd for studying the effec
advadccomposite wmateiicalte@Gan mgntaipyeierdise e d

resoavaestabludy-axmualt i hi gh sMuoleaixn arl a tgeylstt eesnsi

typicall gyomembombi nati on of tension, comp
Mont ana-#pStalandeeder offers the capabilities o
tramsl, atwinédti ons simultaneously in one test

Description and Hi sltnorPyl aonfe tlLhoea dMornt a n

The conceptl alocka ddeh@®s born out of a need
fracture mechanics of fi Ateameoihfronesear cloen
ReseardeviedbpieldBtiiohec ol | ect dfatl.5] Tohni -acxommaplotsii t

dawaul d providewidmbBi gniomsigg nteeenp sashierhatve @y .
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The |l oadidegi gpyedemy NRL consi st2Ki@f, t6hri enec h
hydr aultioor saawhda h arce basldiarcehaerd diospad acemen
transteasuse diTshpflRilc eim2iohi ne i s asti omatki ca
notched tehbad 1c cbuwpTixesONRIO )coupons feature a

par dlol ¢lhe 1 iAchchle metnisec omf. t he. NRL | PL i s

LOADING FRAME

HYDRAULIC ACTUATORS
MOVABLE HEAD

FIXED HEAD

SPECIMEN GRIPS

SPECIMEN LOADER/UNLOADER
TEST SPECIMEN

VIDEO CAMERA

VIDEO RECEIVER

GRAPHICS TERMINAL

gyrIOMMOO®D®

Fi gu3eOri ilmamle ILmader designed®by the N,

This original Il PL is mounted to a table, a
structur e. The orientation of the three act

innpl ane rotati on Mefa stulhree ngernitpsp ianrge hneaadde. usi n ¢

1616. Mast, P.W., et alCharacterization of straiinduced damage in composites based on the
dissipated energy density part |. Basic scheme and formuldtiwuretical and Applied Fracture
Mechanics;1995.22(2): p. 7196.
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above the test piece. Di spl acements are re

the NRL in plane | oader was to study di ssi

i
h { DISPLACEMENT CONTROLLED
HYDRAULIC ACTUATORS

Vg
a—
ER&(L.,
CHB
NOTCH-; EQUIVALENT
% i —
“T—TEST SPECIMEN
FIXED
GRIP
CHﬁ ':HE
r
i
ﬂ '

HORIZONTAL  VERTICAL  IN-PLANE
DISPLACEMENT DISPLACEMENT  ROTATION

MSPLACEMENTS OF UPPER EDGE BOUNDARY

Fi gu4eCombined | oading conditiohks that c

Mont ana State University | PL

I n 2002 MontanaseBiare d¥&si gerccnadptgrauocntee ds t
ver si omvlds ¢ daeltldNB L ,siamade t hen t he machine h:
upgr adietssodto curr et eviitoeurdeotdidomesnts t he | PL
construction|[ aBtetw2@abi laintdhgePsDoffg t he | PL we
i mprdawad, mi ze sl ipping irmepdlhaecicrog ptome cdlhmise
fastening jaws with hydraulically actuated

DI C focal pl aneheaodupber atnt be ,o&retgerr ddfes

1716.  Ibid.
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of couponWhihliec kswleisppi ng stil |l amgeomet wi & &,
t hauped agtreidos have been able tos audcttensistfhul |y
some esAcmore detailed descriptiomheofktutee:

conduct ed2®09m aadL5E2Z/A ] 5

Digital |l mage Correlation

The GOM Aramis digiDIlsdoftenaageusedriehapail

GOM stereoscopic camepataetupgi aplacmenendodd m

Aramis software is wused to mapeTthéeetcsatmeaian
system is set wipi ®wihs at heveentten pofd,t he f oc.
the I PLThri g@amera system uses two f2.8/50m

bef ore cRilgldireatd omchemati c pr ovmeadasdu rbegymeGOVs

neelddéy the cameras to calculated displacen

FiguBehematic of-upl @scamePhapehiohdern

1822.  GmbH, G. Digital Image Correlation and Strain Computation Basi2618.
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The strength of DIC analysis is that st

of strain @arprdsreasnd redtierss heavily on analy
[ 1L.7]Furt hermore, complex displacement assoc
pl ane | oader would requidate hasgeagaggage

With the actuatiorg lapad olxii matt 2ttiyo @ glDdf | mét a
strength composites requires a thin gage s
Strain gages were C wliems auwt ,c abpe cuaues e hteh & uD
gage setheonature of the st-anaialfdmeddi ng, a

|l ack of spacaokst woecami th @ wstBonelide r
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TESTI NG PROCEDURE

Tensil e Teesitfiincgatfioorn V

Abaqus was used to experiment with the
steel Uusi n@a k9aked tea mti ;N eidmanyt eMa verte lal . These
showed that given the coupon geometry, and
sensitive plastic deformation cannot be ob
simulation was r urft ¢ datrods tirsa Fshhgotvene Sism &1 o mr 4
in the TeWsdowWt bbs'r ates, which fall well b
strain rate sensitivity to affect the mate

Strain Rate Sensitivty in 304L Stainless Steel

Strain Rate (s)
— 1473
—_—d21

12

Stress (MPa)

02
0.07

Strain

| ustrat

FiguéePl ot of Abaqus simulations i I
tdandeBs3ssee

plastic deformation in 304L s



30

Tabsl eJohnson Cook con$¥damtndls eats eal .byf Ar NMaa
showing similar prifoperties to 304

Maurel-Pantel J-C Constants
E (GPa) 200
A (MPa) 253.32
B (MPa) 685.1
n(-) 0.3128
c(-) 0.097
m (-} 2.044
E{,{s'l] 1
TF (K) 1698
TO (K) 296
Tensile tests wgermecbaducakdptopeetri és
steel used Tersttshiwe rree coarrdaitc.t e de loenc satni d gntsd r

machComepons werad |aoS8r.d8t%miaitfytacC o up o stsaiornf| S804
s eel were ude®dcien dtalhias wanktodl @meco scerdeoehy 268 €
826 (s/ n 251) e xot enmesaosmeertee rs twWwaasi ni siend nteheer isnag
and strain were calculated from this exper

Tensile data was post processed i n MATL
cEvkcestaining | oad, straiomeadaer medsgpeéedceér
ti meressave. catrved hwerdatar eatld e ct edvafsr om t
truncated to |inear el astiEd asndcplmogdtuil a1 sp av

from the test data wusing avdriagea raonibr@®glruess s i

1923.  MaurelPantel, A., et al.3D FEM simulation®f shoulder milling operations on a 304L stainless
steel.Simulation Modelling Practice and Theory, 2022(C): p. 1327.
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val madvd Re eulsthowwerni ean pl otted

MAT L AB dloatn&p pieamnd ibxe A.

Tabol eEl asti¢c BOdulSutsi hbess Steel
Sample E(GPa) R:
1 200.4 0.9983
2 199.3 0.9991
3 188.1 0.9998
| 191.1 0.9993
3 202.0 0.9997
Average 196.2
304SS Elastic Modulus Curve Fit
Coupon 1
E = 200.4 GPa
110 r r T
100 F
90 S ‘*{*
#*
© 80 | *‘,!
o ?‘)?"
1) I :
60 .
,}«*”
50 r "
e
40 “+ *  Instron Resulls
Curve Fit, R® = 0.9983
30 s - : - : s .
1.5 2 25 3 35 4 5 5.5
Strain <1074
Fi gurPd ot of the el astic modul us

coupon.

and

, determ

curve fit
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For the more complex plastic portion o
application was used to determine the Johns
As the Abaqus model showmanalbeveapipmaoix ¢ anta
guasstiati ¢ andtareommpdcecatpedtahbairfei,€ seqt &tr imon r
which iocwnlaso tkhhel Laothwnkequati on, were sol
[24] Given the reasosanet achdabewmper at ure de
Equataroen «3g ¢ althols results in the form found
. 0 0f (1
A is th® waekdiatress, Johnson and Cook
as the yield stress in eitiher 2B4r t ttbhies 9t p
materials propodt iTdnasl wlaismidtetwasni mea by cC
el astic modulus to the test data. The stre

the stress as calculated by multiplying st
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this differceomcsa avbaluked fwavsPa, t he materi a

yi edddxampl e smhloawti ngf tthlree t wo vVvRalguese ar e st

Proportional Limit, Coupon 3

2501
200 "
.-/'
P -/.'/r.-
— 227 ik
& 150 / et
s S
A P
- 100 i
n i g
///
50 | / /
3 Test Data
/ Elastic Modulus
2 N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Strain %1073

Fi gu8Pd ot coemptardaitga twi th el astic modul us
proportional i mit.
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Figuawaes used for each coupon to deter mi

of f of the theoretical modul us | i ne.

Difference in Curve: Coupon 3

25 :
™
g /
=20 , o
S 'l
< /
s 15 //
=
5 /
(@]
= 10 ’/.'/
o)
L
Gl 5 ~
8 o
S MLM"
s 0 R
5 M«.‘MM =l
=
o

o 7 G By G 6y o & & 7y 7y Ty s Ty e 7n 7a 7
000 0 D %D 0% D %% % B %,
Stress (MPa)

| at etde sStt reastsa =s t(rEe sxs Su a lau

Fi gu9Peot of calc
i i s used to deter mine whe

a u
stress. Thi s

With the yiel &, safnadri ,nsA,| ekadoavwdeg etr sni n e d

the MATLAB d¢mwmertvieonf.i tting



35
Stress and dtrruanicrmt e¢at & owleerfeot manhl gnpl &5
proportionalff ofrismibte!| up alametfydet t 6 mlg was set t
custom elgowhiii @imd e

Custom Equation

y = fl |x ]

:l_

Fit Options...

Fi gROMAT LAB Cur ve Af i st i n ¢ |tacpaptens g éad teibvdeh st r e s
valud and n .are solved for

Fit options were adjusted to allow the
iterations to awmuwti wecatmi agl dtixenms awi tththe u
Bounds f or weheestei rvaatl eede & mi n i-Ghogo kJ ochonesfofni ci er

deter mpnedrn eydjaz3-2826

Tab7/l eVausueeds t o vaiCookt eoddfimsoments.

E A B Tf | TO
(GPa) [ (MPa) | (MPa) | n() | C() | m() BsY) | (K) | (K) | Source
200 253.32 685.1 0.3128 0.097 2.044 1 1698 296  [21]
193 264 1567.33 0.703 0.067 - 1 - - [22]
200 310 1000 0.65 0.07 N/A 1 - - [23]

344.73 31.26 0.3 024 103 1.00E06 - - [24]
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Val uesTafbllvwer e uscdckicks s at l imits on what

out put for values of B and n. Arig@dampl e o

Sample 3
Johson Cook Curve Fit

800 T T .
o T —
600

5 500

o

=

o 400

w

o

N

200
100 Test Data | |
Curve Fit
0 ; ; : : ;
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain
Fi gt ePl ot of the MATbABré¢eamer ane¢ed datae ff

This process was réepeatedafaoersalwkereenskelagt

for the Abaqus fiobhnldacbBneCook model



t

from previous!l y[ 8t abd%] shed
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pl ast

Tab8l eresults from elastic and
Sample E(GPa) A(MPa) B (MPa) 95% Cl Bounds n 95% Cl Bounds R RMSE
1 2004 97.5 699.1 (696.9, 701.2) 0.2421 (0.241, 0.2432) 0.9942 12.28
2 199.3 100 698 (697.3, 698.7) 0.2384 (0.238, 0.2387) 0.9994 3.885
3 188.1 122.5 634.9 (684.4, 685.3) 0.2586 (0.2584, 0.2583) 0.9998 2.302
4 191.1 117.5 682.7 (681.7, 683.7) 0.2473 (0.2467, 0.2479) 0.9986 5.974
3 202.0 112.5 892.3 (691.6, 692.9) 0.2503 (0.2439, 0.2506) 0.99%6 3.356
Average 196.2 110.0 091.4 0.2473
| PL Testing Procedure
The | PLcornysitetnrs of tWendowsli RG Wwhiame, ca
PL6s movement wusing LabVIEW and

he Ar ami

s fully

cured.

Coupbnmni Bg

S

computer.

The

he stochastic

t esti

f

or

MATLAB sc

ng process

stainl

met hods

eSS

s ebcl tei. o nT hsi hso ual | dl

| PL coupon geometry
The face of the gage
sprayed with t

nterest.

and the

4 .

8 mm

ater al

Thi s

requirement

wa s

pattern,

ble P lo rsat oodcpizemssta iynpugstdti ebrten t

i s det

steel

r

q

obnes & so |

enabl

ta@alna suee owit

grippi n@ufpoomce Tdgp Imi exd muon tthe ck nes

mot i on

of t

he

(3/,1acthimom.s) due

coupon

t

o

t he

ste

el

pl at es

3wt ik yrhdde c

(
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(O. b9 00+Z2B.00)Wmcs arrived at. This geometry

for Aramis to calculate a facet fiela, whil
stress | evel that i nducedgi gka&edsy ct hdee fnoornmmante
geomet rsyt afianrl e® b © oA @d.N35mm bal |l end mil | w
reduced section (r = 1/80) .

R=0.125

T

0150 —») {«— ]o.zso 5.250

1.000"

Fi gk2el PL coupon geombPt awiiimgmdsoaisnli @ass ng

AramiescdePdur e

MSW 8Mechanngianeeer i ng depart ment ditarsaiursed

measurement-sttati ogmgtueaesilaANLGse sddasnigr.e Diue d



39

strain rate, amtebtarila akhanabhctarization, the n
data collected i ¢$ hal me sperdervé IDibugst tLITE yf r om

Once the camera system is properly cali
in AFast measuremémtr moded, etshiod almagws t
directly to the Aramis computerdés RAM. The
are both the amount of RAM in the computer,
maxi mum shiuhehed eshbepedgdt he major barrier t
of strain rate datad dhmaxiamemaf sgmeemause
secdme cameembédg for itshbekphmiog2e3fehe camer as
used 5arme f 2TBQR 4 ¥n8Wsl|latgthdashed et o the trip

the sBhtfjlRcltenweard fliitdltd$ wittobreploilnairniaztien gg!l a

Fi g2BGOM desi gned ucepamesread deor | PL testing,;
set distance from one another. Lighting el
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Arami s measures train by tracking a sto
pattern is akfesldapntl blvarckaspkattt ewhn tcea nb ab:
a strucowuwrleavegradr andPart toerire ndaott i sninze and s
by the focal l ength of the camera being u:
accepttasbrire siazi ng foThe apatotusr m emesdisemuwpse d
a Krylon flat white spray paint for the be
paint for theFisg2okdh@awsws i ex pakglha@as hofc pattern

coupon

Fi g2a4 eDesirable stochastic spray patte
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With the measurement mode selected, the
Coupom.uasktoateisct i ntgt, ertrhei pasprayed on to the
cure completely. This method was attempted
Problems with this method arose when the bas

experiencimngsthfiagihalselleavsitait e t he chipping of

spray pattern was applied quickly and not
First, a ma sk hciou paomp Isioeaf hta th eo rcleyn tle.r5 giamn
i's exposed, and the white base coat I s ever

i s achieved by hol di2ZrOgra b dhee bt laaenkdc ciprodainyr exca
spraying thelseammudrst shamtove the gage sec
resembles thoseCpreseshbeddbypeGCGOMken t o ens:s

cl ean.

| PrPhcedur e

Before amtyartteesd,l Pls i $healt oprgted. shoul
approxBthatebdmpbove the bottom grip. A gage
both grips aderalcitgmend iamdt hdpXi sheeaangbel
Cal i brpaetrifommrsmlessth VITEW actuator | eisginlys aametm
tape measur e, and valdeal m@gxeeiimpaent inmet erl
voltage is fed.TheRLhes otfdtidwaeEsW ed tl iocn of t h
moveabl e huggpder cross

With the coulpPln qaitenbhepaitespdar ed f or | mage

and taredtoettom grilpese covwmdary ei@gr riigmsd;dhec ar e r
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be taken to ensure theas thdasTahgee thaysdtriacu |piaci |
then used to apply slight pressure to the ¢
into pl dodé¢ tadVi ftihr mhe siacece,c otnlksda rhay cdirt asu liinc |
used until t he top and3b5bdktNOdDr fjl dpfrge sasr er ee acc
on the Oneaepodmpeon secure, the desired displ
and speaddsrhadelaPlVIVHWdant he t est i s started.
l engt h, and grip displ aae ms wotng itbheee |rPelLc ocrodnep
The LabVIEW VI alsortithpath s r@ s MATVIEeABt hese for
forces, and z xnpoontetnetd. tToh eAsrea nairse aen d .ccsavnh b e

fi When a test iIis coempbeed, gt hpscaueomoved

i nipasilTab®oeont ai ns the test mattreisx sf asrt ulll &

this wor k.

TabllS*t eel coupon test matrix for the | PL.
thickness at tDBemeonspons mhndgagkes | AW | P

Sample D1 (in) D2 (in) Thickness (in) dx{in) dy(in) dtheta (in) speed (infmin) accel {in/mA2)
1 0.282 0.150 0.201 ] 1 ] 15 10
2 0.285 0.148 0.200 1 i ] 15 10
3 0.282 0.148 0.201 0 0 10 15 10
4 0.279 0.148 0.201 ] 1 ] 30 20
3 0.284 0.151 0.201 0.5 0.5 ] 30 20
i1 0.280 0.152 0.200 -0.5 0.5 ] 30 30
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ANALYSI S PROCEDURE

Abaqus
Background
While I PL testing was reproduceddimtil i z

20 1T’T/hAbaqus FEA software was chosen for thi
met bBofd | mpl ementi ng au ®e ra nderfie endyedp resnttdreani tn - prl
mo d § I1sAlb a 2u0sli /n ¢ | aildJdoehsnGooonk p | a slt[ilclil Ap a ao 8 e

i mpl etnheentJohnson Coiok madeééniasgar epiame, a s
hardeninggeaentirnacddealmeas def i n€@ao kb guatild mrnesdo ni n:
the previViuaes ocfdothm@mwenk model s can be contr
Abaqus GAE eusdsdanees anmot require knowlwedagre of
Ssubr oWHIAREc ode HEORNTBAN evi ouswarelseanteh Zer
Armstrong and Mechanical Thbhemhohd, Same& sco q(
publ i shed for moreempeampluex rdaetpe npietht hAlr d

TheselmodygHIARDngds fed i nto theF@BPTaRéduddesi mul

[ 1.1]
Ab a gMiosd e |
Solid Model
The | PL test coupons were modeled in Ab

appraxes t hfe plhetcompon being medesasedelme ntt

t akbeenftoe®t i ng ensure that geometry of the c
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t he coupon bAeitrypitceadt esck et c h eus eids tsohi oocwne abted

Fi g2be

15.88

13.59

Fi gasleéeL Coupon geometry as model ed in Abz:

mill i meters)
The part is then given a sdlhic,knlesmmo gva
me arseud bef ore the test and input as the ext

Materi al Mo d el

For S30adhlmapur chased i n Hhoton oMcveatsplbear st

5992K49d7e)n ssiutpyp | @&@d 0 g/ moesel y mentioned, J
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parameters, and el astic modul us werTeo fnooudned
plastic deformation in t-ReokBMpealaequs pil mcl

functi on.

o Edit Material b4
Mame: JCSTEEL-Modified
Description: | Johnson Cook steel 7
Material Behaviors
Density
Elasti
Rate Dependent
General Mechanical Thermal Electrical/Magnetic  Other -
Plastic
Hardening: | Johnsen-Cook et ¥ Suboptions
Data
A B n m Melting Transition
Temp Temp
1 284 339 0.4 1 1698 296
oK Cancel
FigaBelniti-@Qdok orhaatsemi al parameters as i1

Me s h

Abaqus was heypahmason Iusher cau g h Toh e r empteirrl g
si mutl md esfpwcaertes of t heaAt ami ® ns o faelw ae leesneedn tt
shape and si ze. il drmentg adyiemes dicrs etolhd odho gva s

be approxbmadaeltyhiOs 2ils t he avermMageostzel of |
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partitions are used on theddeosmtcdmmaendfi 4
along these partitions to refialeemehret meiszhe
increasgtiobal value of 1 mmThms zehei mersd a vd

deemed acceptable as t hecednotg akhenehigdeme tsrt

desired ar ea

Fi g2TMeshed | PL sample geometry in

Dynami c, |l mplicit Loading

The user hardening subroutines require
As such, alun momdet i sweset tri ng, which all ow
of a custom us eBe chaausdee ntimigs rsotuuidiynnee ar | mit &3

deformation of materials, anoitmpeé itcidmaliyemt
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an@28 durodt iamn APLempts$ . wreuteh emaadaea | tpami € X p | i

dynami c tahnasl yrseissu,l ted i n wave speed errors

to only occur in the fiostinowhefrebemedt s

secitTihen settings for thel7dhel ysmpsiaine slyowan

given itsifmaestakbaddftretseai ng Modméaeidmum numl

of i ncrements cans bienistpiezliifaecde mamicaewedI

size and number of i ncrements were tuned t

simul ation 1in whil e

guadre computern

-ADamqueutresgut oesompPpl et e

i dnegd iAdbaatqeuds

tsd mudmt i

ons.

4 Edit Step

MName: Step-1

Type: Dynamic, Implicit

"Basic | Incrementation  Other
Description: | Implicit Dynamic IPL Test
Time period: | 6.4

Migeom: On 4

Application: | Analysis preduct default E|
[ Include adiabatic heating effects

* 2 Edit Step

MName: Step-1

Type: Dynamic, Implicit

Basic |Incrementation | Other

Type @ Automatic () Fixed
Maxirmum number of increments: | 100000

Minirmum

5E-008

Initial
Increment size: | 0.1
Maximum increment size: (8 Analysis application default
OSpaclfy: 0
Half-increment Residual

[[1 Suppress calculation

Mote: May be autematically suppressed when application is not set to transient fide

(® Analysis product default
Tolerance: (O Specify scale factor:
() Specify value:
0K Cancel 0K Cancel
Fi g8 eAbaqus dialog box showing
Boundary Conditions

The i mplicit,

prescri be @obdiunidawme slionwe rat isntgatti onar.y

This is accompli

parameter :

dynamic.Taealiyngits al s st emp

shed using 3

separate

port

boun
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Y, and z directions in the model. First, m
suf ace of t he model . To constrain transl at

created acrodsftcdhtehemceobéthhe al anmg Zz+vdi rect

di spl acement boundary conditi ons parrd itthem,

and in the x direction along the 2z parti-
conditions also inhibits out of pl ane rot e
all ow f or ctohnetirodocetp odniarnedc txi o n ed u ea | tsd sRaath iesosnoant

Fi gRB®Bouaardy condi ti ons apploitehde tcoe btphaes . bt dhtet c

applied boundary conditions.

Z\bx

Fi g29Beo uaardy condi tions appbtbhd toupbpe. bot
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To simulatdPd melsti axi alef erence point
center of the top face of the coupon model
X, Yy, and angular displacemeocaamenadsa podnt
the same displacements in Abaqus. In this

Reference Point.

Fi g3@Depiction of(irnefreeddoca@mnicmtods)m it 3 d. mo d el
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Aki nematuipd i ng constraint connects displ
the top surfhRhicegBtbd ahdetmadkl vi ew dfi guhe r e

31s bhguA coupling dialogue box used to |

2 Edit Constraint x

Marne: Constraint-1

Type: Coupling

fl Contral points: (Picked) [
f suface: (Picked) [}
Coupling type: ® Kin
O Col
O st
Constrained degrees of freedom:

MUt MUz (U3 FUurl B URz [ URS

Influence radius: @ To outermost paint on the region
O Specify:

[ Adjust contral paoints ta lie on surface

CvS (Global) [3 A

OK Cancel

Y

A

Z X

to a surface (tDipspluadanerdntatéefcotsilp@nga at

Fi g81tAe Coupling Constraint is used to coup
e
reference point in all directi

I
d
C

Next, three amplitude tables are create
X, y displacement in millimeters, or angu

di spl acemento dateas ei npatl eisn i s i mported from

as.cafvi.l e
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Data i s copoym atnbde W afsitlbed Abaque b bivablr @

32Tabl e of time and displacements, in mill:@
exported from Aramis. and i mported into Abai
% Edit Amplitude *
Mame: Amp-X

Type: Tabular

Time span: | Total time
Smoothing: (®) Use solver default
() Specify:

Amplitude Data ~ Baseline Correction

Time/Frequency Amplitude -
1 0 0
2 0.2 0.00262
3 0.4 0.000742
4 0.6 0.00238
5 0.8 -0.000971
6 1 0.00201
T 1.2 -0.00138
8 14 0.000241 ]
0K Cancel
Fi g82Teabl e of time and displacements, in n

(rotation) as exported fr.om Arami s an

Three displacement boundary <conditions
freepdeormmi tted by tUhe aln®L UBotairenx and y resp
cl oc krwitsaet iIAan Arami s di spl acement sl ear ee aicnhp u
di spl acement i s given a vailtuges pdc tli,v evi & rhp lai
selected from the dropdown menu. The bound

Point created previously.
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Fi gB3Biet he dialogue box for t he moti on

amplitudiegdX®omhe reference point.
% Edit Boundary Condition >
Mame: BC-X

Type:  Displacement/Rotation
Stepr  Step-1 (Dynamic, Implicit)
Region: (Picked) [&

C3S% (Glebal) [p L

Distribution: | Unifarm ~  fx
Ut: 1

O

o

] uR: radians
[TURz: radians
] uRa: radians
Smplitude: | Armp-X ~ I“\;

Mote: The displacerent value will be
raintained in subsequent steps.

Ok Cancel

showi

Fi g838Beoundary condition dial ogue box
i i for Y an

r ecfeence point. This I s repeated.

Before created in afuedddmgugubest | dbhiisneAb
feature is used t,di spbsge amarvdarmidartgyu gehfo ufto rtc
model . I n this case stress, strains, di spl
accessed,aexy¥vrda@®tdaas an excel or .csv fil
plotting software

Findlhley Abaqus inputsifmuleatisomrieatrewdn .anke

i nnoalfbi |l echwbhan be viewed .in the CAE user i
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Il niti awtbhymenmsi osal espd amkbement was chos
reproduce test results. A planeiestZr alds eeltar
given that the X and Y dimensions of an |
thickness, the I PL only applTliss |asadsmptni oKr
determined to be inaccurate, dso ltthe s3 D mpwod

note here that the Aramis system only col | .

Post Processing Dat a

The Aramis software generditfefserarmee s aiin
stochastic patteS$trdirmmddteaveeari obdr &mary d
Uan@dyUBz,and2in AbWigiulse¢ strain output can b
transformations, the primary directions we
raw dtartainmtnidng t Batanflostsarestransfor mati
values should be accur aRoer iann tlhRL xt,e syt, uapn c

positive for x and y respricégimtmel y,, positi v

Usimgasecmwmeipgon geometdynatk system is ce
section of a coupon. From here, Aramis 1is
facet intersection across the surface, run
the x and vy dsiraicnj oasd pomet | ocation are
i mage in the image series.

Abaqus amr efad ke, which contains refguest e
i nterest. Postprocessing for the Abagqus ol

coupon geometry at the section of interest
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that iIintersects the path for any requested
and Aramis that were deemed i mpootdhhatfes
each facet or el(elmeg)tai mnidnl|l egabhopghemaay nd|

defiimed he AbaqusEdoeauihddf d6i on as

" 4' (1

—n
—
=

Wherare the prinoiaprael tshter eptrcihnecsi[pbdrjdst r e
Logarithmic strain was chosen for its wusef
Log stcrceoiunstiasi m omi story. This makes it to a
l oads, &#”2®@]strains

Botpmoggame2pilt etast @af Mi crosoft Excel is
experi mental Aramis data with the data gen

direct comparison.
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Both Abaqus andc Alrarme ¢ @a rotdaiwcre

pl ot s 1

di spl aceamdtsgs.el dMciexampl e of 1t Wi gBdennd be s

Fi g3be
[log.]

0.273
0.240
0.200
1 0.160
0.120
0.080
0.040

0.000

-0.040

-0.080

-0.125

Fi gB4eArami s cont olif cas usrtfaa cnel esshso wsitnege | ¢ o u |

shown. Note the hole in

t he

bottor
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Theur f ace apsprao aucshe ffuodr -dvii nseuraslii ozn anlgn sat rtanic
t heexampl e tasbsv®heonwgghle ige ner adr adbagpied @ n dite

provctHdeaa quantaft astirveei mnatl yspeci fi c poi nt s

LE, LE22

(Awg: 7504)
+3.8687e-01
+3.563e-01
+3.233e-01
+2.915e-01
+2.591e-01
+2.267e-01
+1.943e-01
+1.619e-01
+1.295e-01
+49.710e-02
+6.469e-02
+3.229e-02
-1.115e-04

Fi gB5eAbaqus cont olbf cas usrtfaaicnel esshso wsitnege | cou
tdh center of the model are approxi mat el
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To better study differences bwallzveeweeragpe
coll ected along cross sections of interest
compar ssoai ofal ong t heT hceosuep osnesc t g aoghes gsuaeacat iboe

3@&anki gd7T e

Fi g83B6 eAramis croems @mcltPlonadumpan.h

Fi g87reHi ghlighted Abaqus cross sect
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The sections deform with the coupon, n

facet/ el ement Tahsi st ifneea tpurrodgirige@Sstsieelsil . g8 ® eat ed i

[log.]
0.273

0.240

0.200

1
& I’ﬂ'lwll 0.160
I

0.120

0.080

0.040

IWI'”“} 0.000

A -0.040
-0.080

-0.125

Fi gB8eDefor meg€d as tcaeemiene rArEaentitsi.o n

LE, LE22
(Avg: 75%)

+5.408e-01
+4.957e-01
+4.506e-01
+4.056e-01
+3.605e-01
+3.154e-01
+2.703e-01
+2.253e-01
+1.802e-01
+1.351e-01
+9.004e-02
+4.496e-02
-1.134e-04

Fi g9 eDef or mead csedretqpeeri i (3o.n Abaqus.

The section strain data for each ti me s

in a commomhhe xExdelf ifliel.e i s thentimgorted t
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RESULTS AND OON SCUSSI

Strain RaGhla rSemtsa ftiidact € oinal s

The initial goal of this work was to val
strain rate sensitive materi al s.melrniotfi 210 1t7
|l ed to the curr ernts stéeal2 Poeotuepsotni ngge ommeett rriyx f
steel coupons at vhabgieng speeds is shown i

A rsiees of tests wéwmdcTaubd eprhese twertdos
gualitaltyzveltyheanlaPL0s cpralisl Ghthiowes Pest imig
resulntoadelilsnegs igpf s| Appabes point the slippi.l

on booadh rlate and | oad path
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Even tgleougeh ry was optimized in this pro
be noted that <certcaoint ittroleeido ppohstandl| spee¢ad

| PL gri p dRirgdmge It esttriantges gri p slip for two

|\\|1\1\|||”\1|‘|‘||1 o
JI4 1 crere 2 emuessoea 3 @ED 4 waetEESEEEE tm ;‘l
O SRR

1611

bt il I i |

Fi gaadeSampl est sihaiwiimlge r i ght ihmadif catvienmdge c
gri pRet atpi.on (top) and Vertical (L

Compar iResmul afs

Given that theniaohar at taexmitadir,®@ gsttmualstni r at
pl asti cirte/suniotdsel asr,e dependent on 2 di mensi
cl eapmpare experiment al DI QOmertehsoudle wealsw pde d a
whichiagl bews e arschheew ttlhoe evsnd udnadnstorfaisn rien

throughout ti me.

As previ ousnl yt hoeu ttleisnte dn,g Apbraogcuesd uirse gsievcetni

t @ o h nGooonks tpilmad deyl t hat weguastat ecmt eldhei bg t
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results of the 5 tensile TablteTiwese awvef oy
were then fed into the Abaqghese gsotdastii,c whe ncsh
testsemsdS atrain at t he cenptleort tafd etalned mpau @ a
against experi mmamtidle tensil e data in

Tensile Test Comparison, Abaqus vs. Experimental Data

sl
e

e
e

Stress (MPa)
.o
I.\
.
¥

\

o

w oF

w

3

E

o

-3

Strain

Fi ga4tePl ot coW@paonidety deeed mined innFabee 4

dat a.
Thei mul &ititoo ntshe e x perhiomwesnttaHatdattltae 1 mpl
Abaqgus modell yc amo deed c ug tart es s and stomai n ir

di mensli gpalacement bdhrdaeynwscorditteist®@s show

bet wed%andO06 0 %. The Johnson Cook FEA model
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from experi ment al results at 30% strain, t
was used to predict smed hemribcsals behavi or of

With the vReEHAfioenddekensi t batsteecthiasngged t o co
FEA with DhBlI €ekluét 6s Hdadtaay leaeta g e $bPelt weeest  r
5 and 20Easécaeamdipon contldiOidesdappdoal maaeky:
producesdoaxcsst v efmelne$ oaddt @i siphg@cement dat a
each t.iThe sw@epsection strain dataUlis0t hen
an@y( 9, and maxi mum princApaéxamplaée wnf rtelsips
I Ri gadFeguadednddde

Coupon 1, t=4.4s, LE11
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Fi gaa2ePllpal g @entlePl efoupon 4.4 second:
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Coupon 1,t=4.4s, LE22
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0.105 : : : : : : :
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Fi g3 ePllbal g @entlel efoupon, 4.4 seconc
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Coupon 1,t=4.4s, LEP1
015

0.145 P R o o
X 76 NEIL0eadsE B N

0.14} / 7 \\
0.135
X

01371 g PO B

Log Strain

0.125 | fs
0.12 S
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x distance (mm)
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FEA LEP1

Fi g4 ePlUpft maoXi mum prian oinga laesttreali mfoupon,
seconds .into a test

These plots are furtnhtesr ofefii mtear ebsyt seaell:
sections, strain at these poiequati ®mningpatp h

Fi gitFé ga4sbdows the filocathenexvasmpl es
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Fi gaaFe g4y eBnda&epticrd FEA andd a&fixigpte rti anetnh e
Johnson Cook curve at a poi At 28mmeasst dat he
coll ected dgurl agat Pbnt est t he nlaixn enuins plra snecd
stirna in the sampl ewhiTbhs pbdsdtodhoniseoconk o stle pbs st

strcasirnve the sample I s explkrasedl dm .then sitl e u

Fig#as5e2mm into coupons gage section. (

Abaqus vs Aramis results

Sample 1
time =4s
x location = 1.9mm
700 : :
600 | e
500 /
g
3400
]
0 300
0
200
Johnson Cook Fit
100 #  Abaqus Strain=0.0789 |
Aramis Strain=0.0637
0 i ; i i 1 I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Strain (¢)
Fi g46ePl ot of maxi mum principal, Stprpxi.n 2f omn

into a coupon
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Abaqus vs Aramis results
Sample 1
time = 4.4s
x location = 2mm

700

600

Johnson Cook Fit
100 *  Abaqus Strain=0.1432 |
#*  Aramis Strain=0.118

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Strain (¢)

Fi gaarPd ot iorhumaxri nci pal strain for FEA and
i nto a coupon
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The stress vs. strain plots combined wi
clear visualization of the strainhiesetBe n
pl ots combined can be used to compare the

simul ated model and experiment al dat a.

Abaqus vs Aramis results

Sample 1
time=5s
x location = 2mm
700 . 2
$
ol //,4;"
500
g
é 400
()]
w
2L 300
0

Johnson Cook Fit
100 %  Abaqus Strain=0.291
Aramis Strain=0.2177

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Strain (¢)
Fi gaa8d ot of maxi mum principal strain for F

i nto oan coup

| PL SafpUheSdainless Steel

Sampil gabOrai sed questions in the accurac:
and calibrations. Of the tests ran, this w
t he DiPFslp.l acementcowpon at failure was report

the y direction and O0.aX38virmm ibmm tehest @di.h edltoar
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experame®2conde,coddd , secaomdls4d, 8asetleravmispr o\
wide range of strains from the |inear el as

| i gdBlree 2D cont o2ur6 ssuercfoancdssh aitnt Mdbta qats
di spl act mdmmd 05, and 0. @ppimmheey casrhd ahd be
experiencing a 0.25% strain in concentrate
not detecting a defined strain, faptddcames

settTihnigss occurs in the 11 and 12 directions

[log]
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0400100
0.00080

| ]
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! 0.00040

0.00020

0.00000

Fi g49 eCo mpafr i sstornai sied o red si4 2 addu RFIE A, R: DI (
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analsy®ips aatontghithheticmess section

and the DIC dat a.

Further

bet ween the FEA model

Coupon 4,t=2s, LEP1

-3
g x10
} s
4r A N\
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| /
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Il \
[l |
8 2pry N
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)] AR D g e AR f | FIAAT PSS AP LY
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- [
I| "
or |
|
Sl
5,7 s . . . *
0 0.5 1 1.5 2 25 3 3.5 4
x distance (mm)
FEA LEP1 DIC LEP1|
Fi g eCross sectional strailm at the ce
The | arge variation in the strain for t

able to distinguish displacement from sign

TablG®ominad the percent differences bet ween

FEA model and the Ar ami s measur ement s. At

strain (0.0005) the percent

fference in reading

di fferences st

fronmo6t.o5 338% di bet ween
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Tablloe Percent differences between
results along the tc=e2nst er
Max Principal Strain, t =2s
FEA DIC

¥mm)  LogStrain | x(mm) P1Strain | %ediff
0.22 0.0012 0.20 -0.0012 199.96
0.43 0.0012 0.41 0.0043 25226
0.65 0.0012 0.63 0.0018 -55.91
0.86 0.0011 0.85 0.0045 -305.63
1.08 0.0011 1.07 0.0046 -338.06
1.30 0.0010 1.28 0.0044 -335.25
151 0.0010 1.50 0.0032 -226.94
173 0.0010 172 0.0017 -80.09
194 0.0009 1.94 0.0009 6.52
216 0.0009 2.15 -0.0002 120.83
237 0.0010 237 0.0018 -84.17
259 0.0010 159 0.0017 7213
281 0.0010 2.80 0.0016 -60.20
3.02 0.0011 3.02 0.0041 -284.75
3.24 0.0011 3.24 0.0035 -208.17
3.45 0.0012 3.46 0.0025 -118.88
367 0.0012 3.67 0.0018 -50.97

t he
of

max i r

t he

ga
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At a t.idgmeconfds3sesht othkbBecbupon is umdern di s
the x, mmidn OtThBeB 7yDI C system begins foebtHow

budtoes not show this as clearly as the FEA

[log.]
0.1100

0.0900
0.0750
0.0600
0.0450

0.0300

0.0150

0.0000

Fi gbteCompérissomatnsdbcehdss pdddupdEA, R: DI
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The 2D cr osks gb&®wdn oagain be used to hi
di ff ealecmrce st he bga gieheen.etcwo o n

Coupon 4, t = 3.4s, LEP1
0.07r

0.065 | —— S
/ ey _’_‘___,/ \
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0055 A ™

Log Strain

0.05
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0.04 : : : : : : : :
0 0.5 1 1.5 2 25 3 35 4
x distance (mm)

DIC LEP1 |

FEA LEP1

Fi gbfeoss secat ontadr cefnm as=aSmpslde 4

To more clearly visualize the differences

al ong t hGo oJko hcnusrovne f it equati on.
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Lookiangpaoithe tnokstiiercttd otnh€i mad esedl |,

here t

Fi gb8

theshaWwdteweenwr eFEA and -t Caiahoagr véde s

Abaqus vs Aramis results

Sample 4
time = 3.4s
x location = 1.9431mm
700 : . .
600
500
400
300
200
Johnson Cook Fit
100 ¥  Abagus Strain=0.0623 |
Aramis Strain=0.0554

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Strain (e, )

ePl otGbf ebmtt hg FEA model and experi me

cur viat .f@8etc.oln.dB4i mimMoe gagPl eecti bustrates ex

I n

sccur

Wi t

di ffer

val ues

arge

val ue at measured strain.

an ideal case, these-spoiantns cwiolwies t m@\
ni Al ea+ld di rections as wel |

h the coupon mowni ratso dretysd G e lepaesrticirecn tr
ence between the two values range be
appear to have | eveled out from the

s fherwemen t he FEA and DI C results.
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Tabllle Percent di fferences between the maxir
results along the center of the ga:

Max Principal Strain, t=3.4s
FEA DIC

*[mm) P1Strain | x(mm) P1 Strain Sediff
0.22 0.0616 0.20 0.0518 15.86
0.43 0.0642 0.41 0.054% 14.49
0.65 0.0650 0.63 0.0504 2251
0.86 0.0648 0.85 0.0516 20.36
108 0.0642 107 0.0578 9.91
1.30 0.0635 128 0.0618 2.68
151 0.0629 150 0.0625 0.69
173 0.0625 172 0.0569 B.BB
154 0.0623 154 0.0554 11.03
216 0.0625 215 0.0540 13.49
237 0.0628 237 0.0525 16.38
255 0.0635 259 (0.0532 16.23
281 0.0642 2.80 0.0517 19.48
3.02 0.0648 3.02 0.0463 28.54
3.24 0.0649 3.24 0.0416 35.89
3.45 0.0641 3.46 0.0436 32.03
3.67 0.0615 3.67 0.0487 20.77
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At 4 seconds into dér &aeBt032mm xoupod
di spl acement. Here, Aramis can nbwepcaocupap

as I s selingthbded ow i n

[log.]

Fi gbdCempari son of stcroaidrs, fAjcceafllidho fREDA)E. 0 s e

This comparison is useful in pointing oLt
both models are showing a slight asymmetry

gage section.
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Movi ngct eeetchtd ,@an dplr@etct compari son of t he
hi ghlight A9 stchree pcamwcpeers transitionstirmtion th
curve, the |lines do show the same shape, h

Coupon 4, t = 4s, LEP1
0167
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Fi gbBCar 0ss secat omaé Coaptaenmadpfat t =4

Abaqus vs Aramis results

Sample 4
time =4s
x location = 1.94mm
700 T T
600 [ /
500 | ;
g
= 400
(]
(7]
2 300
n
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Johnson Cook Fit
100 %  Abaqus Strain=0.15 | ]
#  Aramis Strain=0.114
0 1 ! i ! i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Strain (e, )

Fi g6 ePl otGbfebmtthg FEA modett handolknxopen i Ge
curve fit.mAmtiAtesetberdgagd section.
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Looking at the percent difference bet we
showai ¢ ar results to the previous step at

bet ween strain values along the cross sect

Tabll2ze Percent di fferences between thHe maxi r
results along the center of the ga

Max Principal Strain, t =4s
FEA DIC
*[mm) P1 Strain % [mm) P1 Strain Soediff
0.22 0.1434 0.20 0.1262 12.03
0.43 0.1457 0.41 0.1285 14.18
0.65 0.1527 0.63 0. 1200 21.37
0.86 0.1535 0.85 0.1180 23.11
108 0.1532 107 0.1233 19.50
1.30 0.1524 1328 0.1289 15.41
151 0.1516 150 0.1259 16.99
173 0.1511 172 0.1172 22,39
154 0.1508 154 0.1141 24.38
216 0.1510 215 0.1090 27.81
237 0.1515 237 0.1089 28.13
259 0.1522 255 0.1115 26.72
281 0.1529 280 0.1130 26.10
3.02 0.1532 3.02 0.1086 29.08
3.24 0.1523 3.24 0.1030 3235
3.45 0.14593 3.46 0.1082 27.09
3.67 0.1430 3.67 0.1160 18.90
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At 4.8 seconds into thepdtasgti c tdled omantae n

The FEA model is predicting 32% to 36% st
bet ween 22% and 28%.

g
" afbundia |

Fi gbfCempari son of strain filelldEARDI)@. 8 sec

Grip slip is noticeable here by inspect
software does remove the d&dfafseomns ctalhatul @it gin

the gage section.
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Whil e these 2D surfaces seem to gener al
the maximum principal strain highlights di

bet ween t he expeulianeindm |RidgmBed aviei isi m

Coupon 4, t = 4.8s, LEP1
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Fi gbi8Ca oss secti crealt est rddit i€ sdikp otnh e

Again, this plot illustrates a cause f o
not in ,agbwtememdre i s a difference in the s
FEA model predithe temgther ot ralh@scatpon whe

the DIC results show | ower values in the ¢
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The strain values are plottCobkomutrive 3

FigbPeWhil eet wasconly plotted out to apprec
values are stild]l bbeult o vt hteh ec ouul psoi nmii &sg t wsetl! rl e @i gn

Abaqus vs Aramis results

Sample 4
time = 4.8s
x location = 1.94mm
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w
(73]
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N
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Aramis Strain=0.2374
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Fi gb9ePl otGifebmtihg FEA modethandoknxpen i e
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Tabll3der cent

and the DlIdidatarstB®EI N
C OUplchre. deastean tperd abov
path on the | PL, the method
the plastic region.

To further explore the
vol ume during plastic

Yo f T T it

Where the change in vol

z directions is equa
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di fferences between the maxi mu
resdlotngg @ he center o0o8. the gage sec
Max Principal Strain, t =4.8s
FEA DIC

*{mm) P1Strain | x(mm)  P1Strain Ydiff
0.22 0.3308 0.20 0.2793 15.56
0.43 0.3465 0.41 0.2737 21.01
0.65 0.3566 0.63 0.2584 27.55
0.86 0.3627 0.85 0.2546 29.81
1.08 0.3662 1.07 0.2605 28.85
130 0.3680 128 0.2611 29.05
1.51 0.3689 1.50 0.2531 31.40
173 0.3693 172 0.2395 35.15
1.94 0.3695 194 0.2374 35.73
216 0.3693 2.15 0.2291 37.96
237 0.3688 237 0.2276 38.29
259 0.3679 2.59 0.2324 36.82
281 0.3661 2.80 0.2379 35.01
3.02 0.3626 3.02 0.2356 35.01
3.24 0.3564 3.24 0.2315 35.05
3.45 0.3462 3.46 0.2423 30.03
3.67 0.3307 3.67 0.2542 23.15

at the best case the diff

Tabl®i ghdeivemt

v al

ues altetovesent hke!

e itlHhatmifnart etse s ihimep @elt @ &

used

does

not

di fferentesnbefw

ume

def ormati on

whi

shoul
(1
ch is

d e

e qu:

I t ag0de hPltdritesd pweartd ocmr e
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for the time steps shown above, at 2, 3.4
conserved in the FEA model, plots were mad:
used to collect strpiagmei)ln thlbbeexedirectct was

t o sadlyis headidan ttloe reduced thicknkRisg®Gectio

Fi g6t ednd62de phbagasiri ()0
Coupon 4,t=2s, LE22 vs. -2*LE11
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Coupon 4,t=3.4s, LE22 vs. -2*LE11
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FigoFiegbFe gbzednd&Edow gener al

percent

agreemen

e r2r50% sr ainng ea.l | T htihsr €

t wo dettsa val ues,
to be due to the irregular peaks in valley
the same plots show an i deal cas&qwheient h
17 would dictate.
Coupon 4,t=4.8s, LE22 vs. -2*LE11
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when in the |Iinear elastic region, these t|
plastic strain in the gage section.

At 42seconds,i st depBicg@das i arttoi sghow a def
straiA feedlfdl.ag in this figure shows the s
the gagé@d@hsectiisomost |l i kely due to tabul ar
seconds into the Abaqus dias9ltalkciesamemdt bhod naa
cause the coupon to jumpAt nt Wii s ptl iamneedteind de
an x disp0at?2@emyn aoifspl acement of O0.056 mm,

coupon 0s. 3r3c06t adteegdr ee® nt adbmbohé omoeidge.

T ;-

1

Fi g@4Cempar i sonfioefl dsst raati n2. 4 pfléc o FEA, ®Rou Do
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compakFi g6 btehoef ctrhoes ss tsreacitn so ni
It dareg x  dlii fr feecnt @

Moving to a
center of the gage section n
bet ween t he sFRIEEIAA sanfdorDIaC mwel ti axi al | oad.

Coupon 3,t = 2.4s, LEP1
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Fi g66es usedbiftoo ploath the FEA and the DI
cendfert he gAge2sécseoands into the test, th
el astic to plasthotch dtei @ r gniamu loant remi amd t he
at that point the materi al i's undergoing p

Abaqus vs Aramis results
Sample 3
time = 2.4s
x location = 2mm

700

600

500

400

Stress (MPa)

200 |

Johnson Cook Fit
100 ¥  Abaqus Strain=0.0091 | ]
¥ Aramis Strain=0.0348

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Strain (e, )

Fi g6 ePl otGbif ebmtt hg FEA modetlé alnodh nesxopne r G onoe
curve fit. At 2.4 seconds, in the ce

When | ooking at percent di Té&blde nceelsueascr
range2f%otmo over 350%, where the FEA is pr

the coupon than the DIC is measuring.
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TablldPer cent di fferences between the maxi mu
results alongagbesee®ien. ot tHhe

Max Principal Strain, t=2.4s
FEA DIC

¥(mm)  P1Strain | x({mm) P1 Strain Sediff
0.00 0.0055 0.00 0.0022 60.18
0.21 0.0052 0.21 0.0097 -63.25
0.42 0.0067 043 00277 -313.60
0.63 0.0072 0.65 0.0528 -352.29
0.84 0.0076 0.86 0.0539 -344.96
1.04 0.0079 108 0.0516 -299.39
135 0.0082 130 0.0524 -297.43
146 0.0084 151 0.0538 -303.25
167 0.0086 173 0.0541 -296.09
188 0.0082 195 0.0526 -267.95
2.09 0.0091 217 0.0548 -280.54
2.30 0.0094 238 0.0301 -219.08
251 0.0098 245 0.050% -215.57
271 0.0102 182 0.0298 -192.87
3.13 0.0109 3.04 00200 -82.99
3.34 0.0111 3.26 0.0158 -42.65
3.55 0.0110 3.48 0.0140 -27.73
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At a BHBseneomds, t het e spdwpremte.ndto @iaedogpm i
t he x amm iOn. Ot%hdee yr ot ati on of the top edge
is 0.38ZhdeBbesnrfactthgemewmatatd tlye b®ame s
both models are showing the same gener al ¢
di fference in the sAaymmetfritbhepcoknptus eadf sgt

near the corners of the gage section

TR

Fi geiT@omparison ®esbomnais8 ,pifldalpdsE Aat R: DI C
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| i g@ &eéewcer ssesct compéari son

show aextremely | arge

of

FEA
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The di fferenceacat haet rmii dophosinngtt goefs sagd ii 0 n
used to il lustrate the state of stHiagiunr ei n

6%hows the degree of plastic deformation p

Abaqus vs Aramis results

Sample 3
time=5s
x location = 2mm
700 . 2
600 [ //
500
g
= 400
w
(73]
g 300
N
200
Johnson Cook Fit
100 ¥  Abagus Strain=0.0623 |
Aramis Strain=0.1514
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Fi g9 ePl otGbif ebmti hg FEA modetthandolknxpen i e
curvebdgedodnds ,i nto the gage section

Agai "abiwhd®d the percent differences of
analyzed, the drasdicatetf éhahnhceé henevalyedp

either one of the dataset s. Perceihm30%.i ffer



Tabll5Per cent

di
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fferences

bet ween

resudngctahhe er of thesgage
Max Principal Strain, t=5s
FEA DIC
¥mm) P1Strain | x{mm) P1Strain | %diff
0.00 0.0588 0.00 0.0787 -33.92
0.21 0.0604 0.21 0.0828 -37.07
0.42 0.0628 0.43 0.1098 -74.74
0.63 0.0638 0.65 0.1362 -113.41
084 0.0640 0.B6 0.1502 -134.87
1.04 0.0638 108 0.1501 -135.36
125 0.0635 130 0.1569 -147.22
1.46 0.0632 151 0.1577 -149.51
167 0.0629 173 0.1551 -143.33
1.88 0.0626 1495 0.1508 -140,78
209 0.0623 217 0.1514 -142.89
2.30 0.0620 238 0.1405 -126.63
251 0.0615 245 0.1388 -125.49
271 0.0610 282 0.1262 -106.93
3.13 0.0588 3.04 0.0949 -61.29
3.34 0.0566 3.26 0.0753 -33.14
3.55 0.0530 348 0.0668 -26.01

t

he maxi
on.

sect

mu
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At a t i nsee coofnhddsSm8del s continue to show
scaling betweekighe et wo dmdehliss. ipnoi nt i n th
tdn sampl e 0s580smmacedt he x, 0.494 mm in t

from horizont al

Fi gi@Cempari son otf 4.t& asenc ddged ,d sF@WApomR: 7 DI

The growth in the ekipfeframemaeal b athnwde eFnE At
further highlighted when viewed as a funct.i
center of the gage section. Also visible i1

of the coupon Wwashbeehhsegnips.tAg previou

measurements are reading far more strain t
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The strain plotted in the 304
73 into thshgwgthatecundar plastic
in the FEA model and stress cal cul

Coupon 3, t = 15.8s, LEP1

0457

0.4 —# /

0.35

@ 03
& 0.25 /
o S
02} g B e
_____,.-—""f’// \\\

0.15 \

\\

0.1 : : : ' : : =

0.5 1 1.5 2 25 3 3.5 4
x distance (mm)
| FEA LEP1 DIC LEP1 |

FigoteFi72Gr es s

Ft gunkess
def or mat |

ated fro

sed ataiimnalt ampéec8ntlgir t o186 .
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Figon8erther illustrates the differences
of the coupon. The Aramis value i s approac
19 %

Abaqus vs Aramis results
Sample 3
time = 15.8s
x location = 2mm
700 T T T
_;-F"'d-_"-‘-‘
600
500
g
3400
9]
(3]
£ 300
w
200
Johnson Cook Fit
100 *  Abaqus Strain=0.1918 | |
Aramis Strain=0.3939

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Strain (e, )

Fi gudPd ot taflraotm ntghe FEA modett handolknxpen i e
curve gecodnds ,imto the gage section

Agai n, t he percent max f per aovcaplau ebss t frwoare nt
mul tiaxial t eisfta bdl6des fwoausn ds ebeenl aw t he t wo pr
FEA simulation is predicting smaller stra

di fferences range from 46% to over 130% a

section.
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TabllePer cent di fferences between
results along the clost8&r
Max Principal Strain, t=15.8
FEA DIC
¥fmm)  P1Strain | x[mm) P1Strain | Sdiff
0.00 0.1528 0.00 0.2245 1596
0.21 0.1533 0.21 0.2253 4598
0.42 0.1554 0.43 0.2635 -69.55
0.63 0.1597 0.65 0.3194 -100.01
0.84 0.1663 0.826 0.3700 -122.53
1.04 0.1747 1.08 0.3897 -123.08
1.25 0.1827 1.30 0.4210 -130.48
1.46 0.1885 151 0.4304 -128.31
1.67 0.1921 173 0.4199 -118.65
1.88 0.1933 1.95 0.4097 -111.99
2.09 0.1918 217 0.3939 -105.36
2.30 0.1876 138 0.3496 -86.38
251 0.1799 2.49 0.3390 -88.42
2.71 0.1683 2.82 0.2908 7276
3.13 0.1317 3.04 0.2368 7977
3.34 0.1142 3.26 0.2228 -95.21
3.55 0.1053 3.48 0.2184 -107.41

t

he
of

ma X i
t he

mu
gag
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Whlie these results only preseohnddofred t i
this work, this method can -dtetVppielpe att ee het |
of distilling the FEA and DIC data into fo
a very prnovcoelsvse,d strain datéa canabe Ad adni s c f ¢
any node in the FEA model

Recalling Equation 17 to checkatshei wiget
a 0 changd&iigar3eéd| &mdont ain plots measuring

direction vssvsetrrsaei ndiirne ctthieont.r an

Coupon 3,t=2.4s, LE22 vs. -2*LE11
0.04r

0.035 |
0.03 [
0.025 | | mthamen” 4

0.02f | / \

0.015

0.005 /

Log Strain

0.005 i i d : i ! i
0 0.5 1 1.5 2 25 3 3.5
x distance (mm)

DIC LE22

DIC 2*LE11|

Fi gti4Pd ot compar iUbestiran-dafaii =hte . 4s
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The plots again indicate that vol ume cc

DIC, and there appeatsa ¢ol bectsede noi se in

Coupon 3, t =5s, LE22 vs. -2*LE11

011

Log Strain

0 0.5 1 1.5 2 25 3 3.5
x distance (mm)

DIC 2*"LE11|

DIC LE22

Fi gubPd ot compar iUhestiran-2afai shtd s

Coupon 3,t=15.8s, LE22 vs. -2*LE11
0257

TN
\_,/ \v-—‘\\
02 \ //
L N _/’ P
£ 015 \ /
g \ /
a \ / .\ /N IJ"
m N \\,\\ ‘./
3 0.1 \'/ \\, f__‘_// 2 \\\ l/
0.05} \|-#
\
0 i ; ; ; ; ;
0 0.5 1 1.5 2 25 3 3:8

x distance (mm)

DIC -2°LE11]

DIC LE22

Fi guePd ot compar iUuhestiran-2afdii mhid 5. 8s



99

At 2. 4 igrdcgadmiBes ot compar i Bg et ainn aigrmi nk
2* ()8 =.a2.plattern is starting to develop bet
strain, but therlrri gidpawbi ssee cionn dtsh et hseirgen aal p. p
gener al agreement betwean ltahget wa,siladwewner
in the transvErgeé peinabuebidanl fy, fumther
can be seen between the two sets of data.

AppemBdioxtains slides comparing Aramis a
time steps foTaiataedtos lail st ed hiem ti me st

t hestlissted above can be pulled from the A1
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CONCLUSI ONS

The compeat wshsen mul ati ons angogrespgatiemcentna
previous section work to demonstrate thai
di sagreementEAbesti waud mttitoen Fesultsezneddt bg e
the Aramis DIC system.

With the initial focus of characteri zi
unobtainable goal as shown by the FE®& si mul
earl ytlomough experimenting with testing me
could not be explored on the I PL with 304

| n dlthaseins e b &, f or expdrnil eersci nsgt exe%tshe 30
per ceolisteween t hwe F& ARbnthdiea 3 0% of t he expe
The farkpredtoe t he aelgastnisd | re giecsnt oMas at
out come, as the FEA model wasaadureatted yr. e pl
indtes that there may be errors involved i
is in calibrarnreonl wtfi @amei rcathess aed,talsad cb yr ewgh
data was collected, or a byprddwctpoafntpost

Whititlee methods and models used require
di fferences measured beittweiesn wohret hF Enfo tainndg Dtl
devel oped in tha pueviabpeemeatnisag Sawdt ina xdia
of an asymmetric strain field on the surfa

def or mati on.
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As the | PL has only been used by NRL ar
published data f orPlmeteallsotatiesthierdvoosrk amut | |
sections aboexi snedkwioldes inmpwroved upon for f

using the | PL.

Fut ucorek Raeaodmmendati ons

Fromrebptesenmt evlh s dsettrearimm nreadt eunodta@ si t i v
expl oirregheud Ph daei vy ofFodri ntihtd nlgP If alca aod sf
t hreec omme nfdoart iao nmac hi nemedtitamltupoan i pl aceri @h
mu latxii al test ar e:

T Redesign the frame with ilmaadcléeddbp,
des,igmi th measurements being taken cl
1T Redesign the I PL grips to
o take a wider vari emhyi cdhf ad d wpw nf og ¢
gages and extensometer placement
oelimi nate the issues the grip sli
o Al l ow forséarigens gage a | arger DI
o Emplseedédnt ering wedge grips that Kk
t heYy l ane of the | oader.
T Use screw actuator sprtehvaetntlidoin®e wa f bt g
maxi mum | oad output, apnedr aitdeeda.l | 'y ar e
Anot her cause for concern, i s that the

moment faboueadh test. During testing of st
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as 15 ®X0 wiere reported by the machonet hé&tl

materi al and geAdmedx ammplea ngf ttelsite di.s seen
seconds into the test the I PL -Fbports a mo
Load vs. Time Moment vs. Time
2261 — 11074.21 .
f S
2000 /-—*‘ 9000.00 ]
1750 |
/ —  7500.00
100 'F_ £ 6000.00 _.’
o 1250 & : [
5 o0 | | = 4500.00
2 : |
2750 ot [ 5 3000.00 J
5 500 | |. §  1s00.00 |
250 I,’ el \! = 0.00 I
. [ \
-128 . ‘ -2507.32 — i
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.20 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.20
Time [s] tz:s:ﬁ Time [s]

Epsilon Y/Stage time

11-4-2017-304L_5.dap
Test Rate | 30in/min 20in/min"™2
Stage from to 0->25
Frame Time 5.000 s
Load X | 272.064 Ibf
Load Y| 1933.289 Ibf
Moment ZZ | 9641.113 in-1bf
Min -22.645 %/s
Max 47.591 %/s
Average 1.432 %/s

[%/s]
47.59
37.50
30.00
22.50
15.00

7.50

0.00
-7.50
-22.64
Test Data Left Camera with Overlay
Montana State University 11/3/2017
MONTANA Mechanical Engineering ARAMIS

Figorel PL stage reportsagpher &t e sby nAra mih
moment ZZ.

As the FEA model was proved accurate in
DIC and FEA results is most I|ikely |lies in
i n Aramis DI C. Tor erccoomendeyn dtehdi ss,t etphse anreex t

1T Repeat theusixmeg gpmeealner a with a samg

hi gher than 5 fps.
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T Run tensile testing using Aramis DIC

along with extensometer and strain g

T Verify withe GOManimatDItCh cal i brati on
correctly

T Explore smoothing and filtering of D

T Experi ment with facet sizing and the

strain field. The met hod -suutsaetdi dhetres tw

prcedureaedjansdt ed t o produce useable i m

Curremtrlky, s beiexgpldome t he issues | istec

to solve the erroneous moment beimg tmMeasur

FEA model, and comparidsom métsodvorkr t he | P

charactestrezang hagh beheatvailosr. oTth e | naestthi ocdss adr

the recommendati ons made, should i mprove t

with Zeril Ildi MAISmAtbragmug &HARD subroutines f
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APPENDI X A: MATLAB CURVE FITTI NG OF TE
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Stress vs Strain, Coupon 1
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Proportional Limit, Coupon 1
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Stress vs Strain, Coupon 2
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Proportional Limit, Coupon 2

Test Data
Elastic Modulus

01 02 03 04 05 06 07 08 09 1
Strain %1073

Johnson Cook Curve Fit, Sample 2

Test Data
Curve Fit

0.1 0.2 0.3 0.4 0.5 0.6
Strain



700

600

3 3
=] =)

Stress (MPa)
=3
(=]

200

100

100

80

Stress (MPa)

40 [

30

114

Stress vs Strain, Coupon 3
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Coupon 3 Proportional limit

Test Data
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Stress vs Strain, Coupon 4
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Coupon 4 Proportional limit
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Stress vs Strain, Coupon 5
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Test Data
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APPENDI X BRI SOMPAPL STRAI N DATA, FEA VS
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Log Strain
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Log Strain

«

Coupon 1, t = 3s, LEP1

Major Strain

Stage from to

0->15

Frame Time

3.000] s

1

15 2 25 3 35

x distance (mm)

FEA LEP1 DIC LEP1 |

Abaqus FEA

Virtual Extensometer

Aramis DIC

(og]
0.0630

0.0500

0.0400

0.0300

0.0200

0.0100

0.0000

-0.0100

-0.0227



123

Coupon 1, t = 4s, LEP1

0.085
Major Strain
0.08 < = o> - ~
0075 Stage from to] 0 -> 20
c Frame Time [4.000] s
® 0 07
7]
W 0.065
-
0.06
0.055
0.05
0 0.5 1 1.5 2 25 3 35 4
x distance (mm)
(log]
FEA LEP1 DIC LEP1 0.1163
LK)
0.1050
0.0900
0.0750
0.0600
0.0450
0.0300
0.0150
0.0000
-0.0240

Abaqus FEA Aramis DIC



124

Coupon 1, t=4.4s, LEP1
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Log Strain
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Log Strain
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