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Abstract

Abstract:

This Ph.D dissertationaimed at the comprehensiwenderstanthg and the
constitutivemodelingof the mechanical behavimiof thesurface mechanical attrition
treatmeni{SMAT) treated AlSI304tainless stéesheet under a large range of loading
rates. SMATtreated AISI304stainless steel sheets are mldtiered functionally
graded materials (FGM). The main research results and conclusiosisnamearized
as followed:

(1) The overall rate sensitivity SMATdated AlSI304stainless steel sheet is
characteded by the double shearing tastder quasstatic and dynamic loading
where a large strain can be achieved without geometry instability. Impact double
shear test are performed with a large diameter Hgpkirbar system and an adapted
equalimpedanceclamping device.Significant rate sensitivity is found. It is also
observed that such a rate enhancement does not induce an important reduction of the
ductility.

(2) In order to extract accurate material imh@tion from the double shear tests,
their testing conditions ardhoroughly analyzed using numericasimulation
Numerical mode including clamping device have beenbuilt to investigate the
influence of this clamping device at the early stage of loadbmited effect was
found for various imperfect testing conditions such as the clamping device stiffness,
non-homogeneous stress and strain fields-eguilibrium state, etc. On thedntrary
numerical and analytical study shows that the simple sstralin assumption usually
used in double shear tests are not accurate enough. Eulerian cumulated strain
definition should be used to get consistent numerical results. From this finding, the
experimentakate sensitivity obtained for the SMAT treated AlSt3{ainless steel
sheet areecalculated.

(3) A multi-layers elastic plastic damageable constitutive model is progosed
model SMAT treated AlISI304tainless steel sheet. The parameters are identified
using tensile testing results. The elastic plassicavioris curvefitted with a simple
Ludwig hardening model. However, the dampageametershould be identified using
an inverse method on the basis of numerical simulation of these tensile tests. In order
to validate this multlayer elastic plastic daaageable constitutive model,
indentatiorpiercing tess on SMAT treated AISI304 stainless steel sheet are
performed.Numerical simulation of thisndentatiorpiercingtess is alsorealized It
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is found thatthe identified multilayer elastic plastic darmgaable constitutive model
allows for a quite accurate prediction of the experimental piercing tests.

(4) In order to evaluate the impact apiercing capaty of the SMAT treated
AlSI304 stainless steel sheet, the impact perforation tests using HopKascare
carried out. Numerical simulation of these impact perforation testealizedwith a
similar FEM model as the quasiatic case. As the rate sdivify of SMAT treated
AISI304 stainless steel sheet is experimentahgracterized with doubkhear testa
rate sensitive muHiayer elastic plastic damageable constitutive model is introduced.
The numerical resultagree well with the experimental ones, which indicates the
effectiveness of the numerical model as well asréte sensitive muHiayer elastic
plastic damageable constitutive madel

Key words: Functionally graded muHayered sheet metalSMAT treated AlSI304
stainless steplRate sensitivityDouble shear tests; Hopkinson haEdastic plastic
damageable model.
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R&umé

Cettedude vise abien comprendre pugmoddiser le comportemenmné&anique
dans une large plage de vitesse demnationdes tdes d &cieraustéitique AlSI304
ayant subis utraitementd'attrition mé&anique de la surfac€ESMAT). Cestdes ainsi
traités som des madriaux multicouches avec un gradient de prégs. Les princiaux
résultats obtenus sondsunés comme sui©

(1) La sensibilitéglobalea la vitesse éformationdes tdes d fcieraustéitique
AISI304 trais avec SMAT est carazisée par @s esaisdedouble cisaillemersous
chargementsquaststatiqgues et dynamiquegjui permet ditteindre une grande
déformation sans instabiét geonétrique Des essaigle double cisaillemensous
impact sont éalisés a | fide des barres de Hopkinson de graddandre et un
systéned §ttache qui aneméne imp&anceacoustiqguegue la barreUnesensibilité
significative a é¢ ré&vd@ et on observe ce renforcemerfipas induit unegluction
importante de lauctilité.

(2) Dans le but din meilleurdéouillementde ces essais de double cisailent,
leur conditions dgssai est analgsdans ledéaillé. Le modée numerique avec le
systéne d fttache adé construit pourdudier | fhfluence di systéne d fttache au
debut de chargement. Otmouve un effet limi# pour les diverses conditions
imparfaites des essais comme dauplessede systéne d fttache, des champs
mé&aniques northomogées, |ftat de norguilibre, etc. Par contre, legtudes
numerique et analytique onémontré que 1 K\ S R Wiigle/de petites pertuations
habituellement utilié pour le apouillement de ces essaisksat pas suffisemment
pr&ise. La dgformation Ruléien cumuke doit ére utilisée pour obtenir urréultat
numerique correct. A partir de céultat, la sensibilié a la vitesse dformation des
tdes d fcier austéitique AISI304 traits avec SMAT obtenue espmentalement a
été retouchée.

(3) Un modéle multicouche elastplastique eddommageable éé propos pour
derire le comportementes tdes d fcier austéitique AlISI304 traits avecSMAT.
Lesparaméres sont identiesa partir des essai de traction. La partie elgdastique
est cabe par une loi dgouissage de type Ludwig. Par contre, pegaméres
d #ndommagement sont obteswevec uneméhode d fdentification inverse sur la
base de simulation numerique de ces essais de traction. Pour validedse multi-
couche elastplastiguedommageable, un essafftentation/perforation est reaisur
des tdes d %fcier austditique AISI304 traits avec SMAT. Des simulations
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numeriquesorrespondantes montres quenoedele multi-couche elaskplastiqueen
dommageable unardliction plutd pré&ise de ces essais ddtentation/perforation.

(4) Pour &aluer la performance anferforationdes tdes d &cier austéitique
AISI304 traits avecSMAT, des essais de perforation sous impa@taealiss avec
des barres de Hopkinson. Numeriques simulations de ces essais de perforation sous
impact sont real&s avec unmodée numeriqgue comparable avec le cas quasi
statique. tant donne que la ssibilité globale a la vitesse dformation des tdes
d fcier austéitique AlSI304 traies avec SMAT est caragisée par @&s essaisle
double cisaillementla sensibilié a la vitesse &té introduite dans lemoddle multi-
couche elastplastiqueendommagable. Le ésultatnumerique correspontuiena la
mesure ex@rimentale, ce qui indique non seulemfitil | | L FdD maddemumerique
mais aussi celldu modéde multicouche elastplastiqueendommageable.

Mots clé: Tdes mdalliques multicouchesa gradient de propridés; Tdes d fcier
austéitiqgue AISI304 traités avec SMAT Sensibilie a la vitesse;Essaisde double

cisaillement Barresde Hopkinson Modée elasteplastigue dommageable
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Chapter 1 Introduction

&KDSWHQ@WURGXFWLRQ

1.1 Background of FGM

Functionaly gradient materials (FGM) in some extent can be undersasod
composite materialsvith a goperty gradient in order to create a material véth
optimized global property For example the biological material in nature are
functionally graded materials.nlorder to adapt to théving environment the
biological materiad such as bamboo, bongrtoise shell, trees and anintaf (see
Figure 1.1) have a density gradient which allowashiewng both high strength and
high toughneswith a low global density

Figure 1.1 Body armors of animals and plants

The concept ofunctionaly gradien materials (FGM) was initially introduced in
1984 by material scientists in the Sendai area in Japan as a means of preparing
thermal barrier materials in spapknes to withstanthermemechanicaloading’.
They used heatkesistantceramics on highenperature side and tough metals with
high thermal conductivity on the letemperature side with a gradual compositional
variation from ceramic to metal. FGM is thus defined as composite materials because
of its microscopically inhomogeneous character. Hmuevthere are differences
between FGM and conventional composite materials. The differences in
microstructure and properties between them are shown schematically in FAgurel.
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Figure 1.2 Comparisons of FGM and Ae&M"!

According to therequirementsof applications, the composition and the
organization can continuously change in designrmadufacturingorocess of FGM,
which leads to the gradient in materials without obvious interfaces. Meanwhile,
comparedvith the conventional materials, the graded matemareactuallyoptimized.
Therefore superiorproperties of graded materials can be obtained.

Nature is always a master in design of suwdterial®®. The performance of
monolithic components in generalnot the bestbutthey can be bonded togethe
form biological FGM with very good mechanical properties. A recent resé&th
analyzedthe scales of an ancient fish. Bging the complex hierarchical structures
the fish scale characterized by a decreasing stiffness and an increasing energy
absorption capacity from outer to inner layers, served as body stmogsist impact
damage. Suchierarchicalmaterials as the fish scale spread impact force by the hard
surface layer and absaitie energy by soft interior layers. Therefore they will pdav
better penetraticnesistance and high weigéfficiency than the monolithic materials
(see Figure B).

In order to adapt thearticular surviving environment biological organisms
system can even optimize their mechanical propettbeadjust the supunding
situation§? and finally form different hierarchies in differelgvelsfrom molecular
to nano,micro and macro scaléd. Gradient structures of natural biological materials
are the form of hierarchical and ordered features, which shows mectanical

properties on high strength, meanwhile improving toughness.
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The humanbeing canbe inspired by these biological hierarchical structuies
design graded materials to resist impact by using outer hard maternidpdsethe
impact force while the inner soft material can absorb the energy to protect human
body*¥. For example, the FGM made of metal matrix composites enhanced by
ceramicscould be used in tanks, armoreghicles helicopters and attack aircrafts as
protection armor. Such FGM designed armor offers the advantages of decreasing its
weight and at the same timenhancingits impactresistance We can also take
example in thecrashworthinessdesign in automotive industry. Mult-Hlayered
structuresgradientcan be itroduced to enhance energlgsorbingcapacities.

In summary, FGM concept has been recently introduced by material scientists
and it spreasl outin many related domas with wide prospectiveengineering
applicatiors. In particular, it offers a new trend in impact performance and

crashworthinesdesigns.

1.2 Current FGM Researches

1.2.1 Manufacturing path of functionally graded materials

Generally, functionally graded mai@s are divided into two types: the
continuousfunctionally graded materials with aoatinuousgradient changing from
one side to another side and the mlalyieredfunctionallygraded materials produced

by bonding different materials.
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1.2.1.1 Fabricatio n for continuous F unctionally graded materials

Most of traditional manufacturing methods such as CVD/PVD, powder
metallurgy plasma sprays angkelf-propagatingcombustion synthesis (SHS) can be
used to fabricate FGM. These pro@ssare mostly involved inmaking FGM thermal
barrie.

The surface treatment techniques can also create prapadientthrough the
treatment thickness. Indeed, the failure mechanism of metallic materials such as
fatigue cracks anérosionoften starts from the surface, a surféaiEatment is then
necessary to improve the serving life of material. Taking surface nanocrystallization
technique as an exampfe”!, mechanical performance and chemical performance
after surface nanocrystallization are enhanced becauseazmstallizng layer has
been inducednd the grain size has been gradually increased from the surface to core.
This microstructure gradient induces hangss gradient through the déepth?.
Surface nanocrystallization technique can therefore produce a gradedal.

1.2.1.2 Fabrication for Multi -layered F unctionally graded materials

Commonmanufacturingmnethods formulti-layeredfunctionally graded material
include repeat rolling, cold roll bonding, accumulative roll bonding (ARBY.
Actually, these méiods are solid state welding techniqueberethe metal sheets can
bond together at atomic level because of the large deformation of metallic materials,
which is obtained as a permanent secure connection.

Gajananpand ceworker$*? developedan analsis on the roll bonding of multi
layered bimetalsn order togive laminate compositesnd applied to THAl system.

The model gve qualitative informationon the conditions suitable for roll bonding.
With the increase of passawo elements spread welltmeach other and the bonding
ability becomes more and more sol@arrenoand ceworkerd?® processed seven

layer steel based (mild steel and ultrahigh carbon steel, UHCS) laminated composite
by roll bonding.It is found that thislaminated compositéas a better capacity of
energy absorbingecausghe nucleation of new craclkiom onematerial layeto the

next layeris more difficult Figure 14 shows SEM micrograph of the graded multi
layered steel shedt is clearly displayedhatthe grains ofwo kinds of steels have

been refined to some extemind therels a bond ofCarbideat the interface, which
provides the best connection for the two kinéisteels.
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Figure 14 Micro-structure of the muliayered graded sheet sté2|

Back to 1980Moore and ceworkerd?™ already developed composite fabrication
techniques for the reinforcement of a precipitatimdening aluminium alloy
(Duralumin) with stainless steel and maraging steel (also for the reinforcement of
titanium alloys with high strengtsteel) using hetold rolling. Wu and ceworker$?”
performed many genuine soligtatebonding experimentfor a great numberof
metals including superplastic ultraigh-carbon steel, FENi " Si alloy, manganese
steel, brass, stainless steel, #licon alloy as well as two superplastic aluminum
alloys. Tamotsuand ceworker$*® developed aew method for producing laminated
Mg-Ni binary hydrogen storage materidlg arepetition of alternae stacking and
cold rolling, comined with final heat treatemt.

Accumulativeroll bonding ARB) method has been prasstd by Eizadjouand
co-worker®™ on Al/Cu graded multlayered material. ARB process of primary
Al/Cu multi-layer sandwich involves two main steps: the first is the surface treatment
which incluces degreasing of bonding surfaces of primary nrtayter (outer
aluminum layers) by acetone, air drying and then scratch brushing the degreased
surfaces by a circular steel brusthe second step is the concurrent rolling of the
stacks of primary muliayer sandwichat a rolling speed of Bpm repeated 5 times at
room temperature. These steps resulted in layered Al/Cu composites using severe
plastic deformation. The time between surface treatment and rolling was maintained
less than 68 in order to avoide-formation of oxide layers on the surface.
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It is alsopossibleto use other bonding techniques. Kundu anewodker$®
carried out the solidtate diffusion bonding between commercially pure titanium and
304 stainless steel ing 300- m copper interlayer. @alescencef elements play an
important role to avoid problems mentioned above. Zeng amdocker$*>% glued
aluminumplates and aluminum foam into functionally graded strucvadleyand
co-worker$® made sandwich gradedrsttures with fillingalumina into aluminum
frames.Yu and ceworker$® produced graded plates conisigtof layered structures

with two stack sequences prepared by vacuum hot pressure diffusion processing.

1.2.2 Mechanical properties of graded materials under impact

loading

The advantage of graded materials basically liethéenpossibility to adapt the
property gradient to the loading environment so that the stress levikle whole
structure are optimized. It is evident that the property gradienhawé no advantage
in a homogeneous loading environment. Thus, graded materials are mostly used in the
situation where the loading is not uniform. Typicallg noruniform loading
environment is found undelynamicimpact loading such as stress wave propaga
crack propagatiomarmorperforation, etc. Therefore, the current research of FGM on
its mechanical properties is fo@aton these loading conditis.

1.2.2.1 Stress wave propagating in  functionally graded materials

Because of different wavienpedane of different FGM components, the wave
propagation in the FGM materials is governed by the reflection and transmission at
the interface. Tasdemirci and -emrkers® performed compression tests under
dynamic loading using Hopkinson bar and numerical Eitrans on multlayered
graded material ceramic/metal matrix composites. The wave sigasuredn the
pressure bars and stress distributions through the thickness are shown in B{gire 1.
and Figure B(b).

It indicatesthat wave impedance mismatching leamsa dscontinuousstress
distribution in the interface between the different layers and influeth@esnergy
absorption capability. Furthermore, theibsequentexperimental and numerical
studies on metateramic FGM led by Tasdemirci and hisworker$**** show that a
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low modulus material in between the metal layer and ceramic layer as an interface
could reduce stress wave transmission.

(@) (b)

Figure 1.5 Stres$ime curves of the muHayered graded shet) and axial stress distribution

through the thickess for three different time valug®

Chakraborty and Gopalakrishii&hexplained by finite element method analysis
that thewave propagation in graded materials depends on csitigrodistributiors
through the thickness. Berezovski andvearker$®”! numerically investigated two
dimensiorl stress wave propagating in layered FGM awhtinuousFGM. The
numerical resultshow that the stress wave propagation is closely related with the
gradient generated by enhancement phase proportion along theetlsciHan and
Liu®®39 studied numerically the wave propagation in a FGM where the elastic
constant and the density vary in the form afdraticfunction. Bruck’® developed
even a design method for FGM by studying wave propagating rule in FGM.

Li and RamesH" investigated the dynamic response of functionally graded
plates by numerical method. The results show Hiabwave propagatioffieatureis
influenced by compsition distributions.It is noticed that such numerical method has
a limited layer ste and it leads to @iscretizedanalysis as shown in Figuresl.
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Figure 16 The specific gradations investigated b

1.2.2.2 Dynamic fracture of functionally graded materials

Li and his ceworker$*? performed compression tests on FGM Ta6AI4V -
AI3Ti under quasstatic loading (0.001/s9nd dynamic loading (86R000/s)in order
to study the crack propagation and the damage evollttmresults show that crack
density measured for a given macroscopic damage level is higher after dynamic
loadingthan under static case. Masahashi and hisarers*® performed shear tests
on the rolled F&I alloy and CrMo steel. It is found that the crack starts from the
interface and spreadsut to base material (CrMo) with increasing strain level
Eizadjou ad coworkerd?” realized tensile tests of Al/Cu muHiyered FGM
(obtained through ARB method at room temperature). It is found that the material
strength is enhanced and the fracture strain decreased with an increasing rolling
passes.

Markaki and ceworkers*¥! analyzed the energy absorption capacities of various
multi-layered metal/ceramic FGM using tensile tests, tpaaet bending tests and
penetration tests. Carrerand ceworker$™! performedindentation tests and notch
impact tests and found théne gradient improves impact performance of FGM. They
argued that the maireasonies in that the crack can rotate under impact loading and
this makes the crack renewing in the next material layer more difficult. Wu and co
worker&* carried out tensdl tests on three layers graded plates obtained by rolling
and found that the graded plate has a larger fracture strain. Theseobesal post
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mortem observation indicates that the voids start near the cracks under astexitain
instead of more dangaus déamination(see Figure T).

Figure 1.7 A specimen section of thieger graded laminate sheet: 304ss/UHCS/3tf4ss

1.2.2.3 Armor protecting study on  functionally graded materials

The armor protection capability is mainly evaluated by the abdoebergy,
targetdamage and residual velocity of thmjectileetc. inthe ballistic testsFigure
1.8 shows a schematic drawing of the penetratioarofoss.

A: Frontierareaof impactwave
B: Avalanchearea(tensilestress
C: Sheararea

D: High pressurarea

Figure 18 Schematic drawing of armor penetration
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The contact surface of armtarget suffes from compression stress, while the
back surface of the target suffdrem tensile stress when penetrating otecting
armor.

Therefore, a good protecting armor requires a back surface with higher tensile
strength, a larger fracture strain in a whalehigher vertical shear resistance and a
strong capability of energy absorptiGh.

Yu and ceworkerg®?*4

performed experiments and numerical research of
functionally graded plate made from metal matrix composites in order to investigate
the antipendration behavior. The location obccurrencemaximum stress, the
distributions of cumulative strain and the influence of gradiemhakimumstress are
obtained.

Hetherington and cavorker$® performed a series of projectile impact tests on
various graded platesThe results show that mulayered graded plate has higher
energy absorbing capability than that efjuivalent thickness monolithic plate.
Wadleyand ceworker$®™ made high speed impact tests on sandwich structure with
6061T6 frame filled wth Al,Os. The penetrationresistance habeen evaluated by
ballistic limit velocity and residual velocity. ™Dp hammer impact teston helmets
(Hui and ceworker$*™) shows also that muitayered graded metal/composite
materials has an excellent ap@netration performance.

Fiber/metal graded materialategratethe advantages ahetal and composite
materials.Fox example, the metal with isotropic properties can resist high impact
forces due to high strength and toughness, while the fiber reinforaegosde
material has good anfiatigue capability. He and emorker$™® performed ballistic
tests on six groups graded plates WBRRP layered plate at velocity of 7@/s to
investigate their energy absorption performance. The energy absorption capdbilit
graded plates has been enhanced with the increasing port&ffR#®plate. It is also
found the multilayered graded plates with thickness ratio of GFRP of 5%.atable
for protection armors and multhyered graded plates with thickness ratio 8RP of
30%aresuitablefor human body protection.

Puenteand coeworkers$* experimentally and numerically performed high speed
impact tests on ceramic/polymer/metal gradient armored plates.influence of
polymer thickness on the penetration resistasued the optimahicknessof polymer
layer are studied. It shows that the overall properties can be improved by
metal/ceramic graded material with a soft material as joimiterfaces. Yada/”

10
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executedhigh speed penetration tests osrami¢polymer/@ramic graded material
with aluminumplate as a supporthe antipenetration capability of the target plates
evaluatedy residual depth of the projectile in the support plakes. results confirm
that the antpenetration capability in multayered grded platess enhancetbecause
the polymer layer reduced the velocity of stress waepagatn andarrested cracks.
A number of published works ( Radin e8] Marom et af? ,Corran et &® Gupta

et alP¥, Huang et a1°*® FloresJohnsoret d®™) shows more or less similar results
onvarious F5M plates at various impact velocities.

Another more exotistudyon the graded cellular materials is also reported in the
literature.Cellular materials as foams and lattice tev@als are basically u=d for the
energy absorption under impact loading. As an example single layer sandwich (Figure
193, Liu®®) or multilayer sandwich (Figure 9b, Wadley et &°, Wang et df®)
can be used gwotectiveshielding structure.

(@) (b)

Figure 1.9 Specimens diffferent lattice structure@)*®and (b

Graded cellular materials can be produced and used as core materials. For
example, Zeng and eworkers®® performed penetration test on graded sandwich
structure (see Figure Djlunder impact velocity of 2fi/s and 41m/s to investigate
the influence of density/strength gradient on imgmettaviorof FGM core sandwich.

The core layer with density gradient of the specimen lined with arrow is shown in
Figure 1.D(a) and the density distribution is shown in FeyarD(b).

11
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Figure 1.10 Graded specimen(a) and Density profile for the graded specifidns(b)

It is found that density gradient has a great influence on the piercing force and
the energy absorption.

1.2.3 Summary

Theabovementioned research backgrouh&#®M shows that the FGN still a
very active research domain. It is interestimg only for material scientist in their
manufacturing methodsut alsofor mechanical engineer or scientist in their property
understanding.

In mechanical engineering, geinvestigationsare mainly concentratedn the
mechanical strength, thermal conductivity, fracture characteristing, energy
absorption capabilityTheprevious studies suggest thié introduction of a property
gradient canimprove the overall mechacal property, especially under impact
loading. Therefore, understandintipe mechanical properties of functionally graded
materials under impact loading has very important significamcesngineering
applications

1.3 Graded sheet metals produced by SMAT

1.3.1 Introduction of S urface mechanical attrition treatment

(SMAT)

12
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Surface mechanical attrition treatmeg®MAT) is a new approach to effectively
upgrade thenechanicaproperties otreatedsurface layeof metallic material$*°2,
It consistsof geneating grain refinemenof treatedsurface layeby the random large
plasticstrain due to theandomimpact of steel balls.

Figure 111(a) shows a schematic illustration of the SMAT-gpt Stainless steel
balls (shots) of proper diameter were placed at lottom of a cylindeshaped
vacuum chamber that was vibrated by a generator, with which the shots were
resonated. fle samplesare fixed at the top of the chambeBecause of the high
vibration frequency of the system, the sample surface to be treatgqubesssd by a
large number of shots in a short period of time. Each peening of the ball to the surface
will result in plastic deformation in the surface layer of the treated sample (as shown
in Figure 111(b)).

Figure 111 Schematic illustrations of theMRAT setup(a)and the localized plastic deformation in
the surface layer by the impacting of the shét{b)

As a consequence, repeated multidirectional peening at high strain rates onto the

sample surface leads to severe plastic deformation in the slajacdt is observed

that he yield stresof SMAT treated sheet metatan be outstandingly increased
without significant reduction in the ductility after SMAThis phenomenoris
explained by thgrainsize refinemenfup to nano scaleh the surfacedyers SMAT

has been utilized for a number of materisr examplea SMAT treatedcommercial

pure titaniumhas a nanostructured surface layer up to 5@ W K1 AtNs also
observed that there is no obvious interface betwleenanostructured surface layers

and the base layer. Thus, the SMisTconsideredas a newattemptto produce the

13
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multi-layered graded sheet metals without any discontinuity detwthe graded
layers.

It is also possible to combine SMAT with other bonding methods. For example,
Chen and cavorkers®™ produced a new muitayered graded material with higher
yield stress and fracture strain than monolithic material using accuneuladli
bonding method to joint SMAT treatdalyers

1.3.2 SMAT treated graded AISI304 stainless steel sheet

AISI304 austeniticstainless steedheet is a widely used engineerimgterial It
is reportef® that the SMAT treated AlSdusteniticstainlesssteelsheet has a much
higher yield stress and a higher fracture strain as well. There is a real potential for a
wide industrial use of such somehow enhanced materials. It is then necessary to
further understand its mechanical properties and finghgitanentmaterial model.

The main microstructural feature of SMAT treatadsteniticstainless steedheet
is the gradient of graisize induced along ththickness directionwhich leads to
multi-layers with graded mechanical properties. Such a microstalicieature is
easily checked by micro indentation test through the thickness of sheet. A micro
indentationtest provides dardness measuremeior materias from the past three
decades It could be roughly related with the yield stress of the ratet the
indented locationSo far it is evena common methodor determiring materias
properties used in smadktaleanalysis such as hardness and Young's modulus of
materiab® % the residual stre$s? and plastic properties of mategat®.

Figure1.12(a) shows a typical procedure of hardness measurement of our 1mm
thick AISI304 austeniticstainless steaheet treated with SMAT at the both sides. The
treated plate was cut through the thickness and put mtepaxy supportAfter
polishing of the surface, a number ofdentationtestswere made with a regular
distance (eacB.2 mm) along the thickness direction and the hardness profile through
the thickness are obtained.

Figure1.12 (b) shows the hardness profiles of SMAT treated AlSI804tenitic
stainless steetheet compared with the hardness profile of original (as received)
AISI304 austeniticstainless steedheet. Tie black dotted lin@andthe red dotted line
represent the hardness of material treated by SMAT and the materedeased
respectivelyThis hardness measurement reveals that the SMAT induces a gradient of

14
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hardness and thus a gradient of yield stress. It shows also an important enhancement

of yield stress after SMAT.

Indentation

“Specimen =

(a) (b)

Figure 1.12Indentation specimefa) and Victor lardnesgb)

The overalltrue stressstrain curve’” were also obtained by tttemmontensile
test using MTSRT50 tensile testing machineThe geometry of dofpone shaped

tensile specimen is described by Figlré3

I2Zmm

L=34mm

H=25mm

W

t=lmm

R=3mm

Figure1.13 The geometry of dog bornensile specimen

More intrusive tests can berealized to further determine the mechanical
properties of different layers. One can remove the upper and lower outer surfaces and

carry out the same tensile test on thmaining part of the specimen.
The trie stress strain curves of various tensile tests are shdwgurel.14. The

four following types of specimen are used:

15
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(1) 2mm thick AlSI304austeniticstainless steels received,;
(2) 1mm thick AlSI304austeniticstainless steatith SMAT at both sids;

SMAT

150 1 m Removed

P S
—

150 1 m Removed

1200

1000 —

800/

250 1 m Removed

6GOD —

Ture stress (MPa)

) 250 1 m Removed
400 — .
As received
200 — _
U T T T T T ] T T T T T ]
0 10 20 30 40 50 60

True strain (%)

Figure 1.14 True stresstrain curves of the treated andraseived AISI304 stainless steel of 1mm
thickness and different testing states of specimens

(3) 0.7mmthick AISI304austeniticstainless stealith SMAT at both sidesvith
the0.15mmupper ad lower surfaces removed

(4) 0.5mm thick AISI304 austeniticstainless stealith SMAT at both sides and
remowedthe upper and lower surfacé0.25mmeach

Such tensile resulfd are in good agreement with the hardness profile shown in
Figurel.12b. It confirmed that SMAT treated AlSI3Gsteniticstainless stedlas an
enhanced yield stress and a gradient of yield stress through the thickness.

1.4 Aims and o utline s of dissertation

The research work described this dissertation aims at investigatintpe
mechanical properties under impact loading of SMAT treated AlISE@Btenitic
stainless steadheet. Orone hand, AlSI304stainless steas a widely used industrial
material anda cheap SMAT treatment induces an important mecharstahgth
enfancement with a limited fractureoughnessloss. All these advantage lead
potentially to an important industrial application. On the other hand, AISI304
stainless steeils naturally a multlayer functionally graded material with perfect
bonding by its ranufacturing path and the property gradient has a significant effect

16
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on the structural response under impact loading. Furthermore, this property gradient
can be controlled by the intensity and duration of the SMAT treatment. SMAT treated
AISI304 austeniticstainless steedheet is therefore an excellent candidate for energy
absorbing system as well as armor design.

For this purpose, a comprehensive studyhef mechanicabehavior of SMAT
treated AlISI304usteniticstainless steedheet under impact loadjns desired. In this
Ph.D research workKjrst of all, the overall rate sensitivity of mechanibahavioris
evaluatedby the double shear tests with a large diameter Split Hopkinson Pressure
Bar (SHPB). Numerical models are used afterwards to identi#iyemal parameters
(vield, hardening and damage) of each layer by the inverse method from the quasi
static tensile tests already presented in the previous section of this introduction.
Assuming that the rate sensitivity is homogeneous in different lagemsjltilayer
rate sensitive constitutive modelasilt.

In order to validate this multayer rate sensitive constitutive model, structural
penetration tests under quasatic and impact loading using a Hopkinson bar are
performed. The testing resulise in good agreement with the simulated results using
our multilayer rate sensitive constitutive model and this validatesrthlti-layers
material model.Further optimization of the gradient profile for a better anti
penetration responsefigally proposed.

The content includes ix chapters:

The first chapter is a general introduction. The FGM related topics such as the
interest, history background, manufacturing path, and their propertisararearized
Afterwards, thesurface mechanical attritiotreatment(SMAT) and the induced
graded materialsare described. Finally, we focused on SMAT treated AISI304
austeniticstainless stealheet whichs the subjectof this Ph. D work.

The chapter2 describesthe double shear testing of SMAT treated AIA30
austeniticstainless steedheet usinggHPBtechnque. Thehistoryand theprinciple of
the SHPB and the planshear testare introducedat first. Quaststatic and impact
double shear tests are carried out on the SMAT treated AlSIG8niticstainles
steel specimen. Foraes displacement curves at different loading rate are obtafked.
nominal average straistress related at various strain rates can be extracted.

Unfortunately the stresstress curve of tested material cannot be easily derived
from the directly measured force and displacement time histories in this double shear
test Indeedat the early stagequilibrium state isnot yetreached At final stagethe
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strain is too big to use small strain assumption. Therefegeintroducen the thrd
chapter the numerical simulation fatouble shear using ABAQUS. It allows
analyang theinfluences of théengthof shear zone anthe clampindfixtureson the
strain uniformity in theshear zonewhich is important for the behavior at the early
loading stage. For the final stage of loading, #i@in defined infinite element
software is analyzd and it is ultimately found that we should usthe Euleran
cumulative equivalent strain atiie equivalentCauchy stresgespectively.

The chapte#d repated an inverse method to identify theterialparameters to
describethe yield stress, straimardeningas well as damage until final fracture. It is
on the basis of numerical simulation of qusisitic tensile tests &pecimerwith and
without removalof outer surfaces. Finally, a mulayers models for the SMAT
treated AlSI304usteniticstainless steedheetis proposedValidation is made with a
piercing test on the SMAT treated AlSI3@dsteniticstainless steel.

Chapter5 presentedt first the penetratiortess of a target made of the SMAT
treated AISI304 austenitic stainless steelsheet under dynamidoading usng
Hopkinson pressure haAssumingthat the rate sensitivity of different layers is
homogeneous, a mulayers rate sensitive elasplastic damageable model siilt
with parameters identified in chapter 4. The numerical simulation of the penetration
test using ABAQUS/Explicit can be performed. The good agreement between
numerical and experimental results validates this Amyersrate sensitive elastic
plastic damageable model and the numerical penetration models. It tilewslore
numericallythe optimal material gradient desifgr the antipenetration performance

The final chapter is the conclusion.
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2.1 Review of Split Hopkinson pressure bar technique

2.1.1 Set-ups of Split Hopkinson Pressure Bar

HopkinsonPressuréartechnique was invented in 19%and modified as Split
Hopkinson pessure bar in 1948 It has becomaowadaysthe most widelyused
tesing method. It is mainly usedto characterizethe mechanical properties of
materialsin the strain rate range betweerf/&10%s. A typical SHPB setp is shown
in Figure2.1. It is composed of long input and output bars with a short specimen
placed between them projectile launched by a gas gun strikes the free end of the
input bar and develops a compressive longitudinal incident &yeOnce this wave
reaches the bar/specimererface, part of it@(t), is reflected, whereas the other part
goes through the specimen and develops the transmitted @@vie the output bar
Two gauges are cemented at the midpoints of input and output bars to record those
three basic waves whiatan be used to investigate the constitutive behavior of the

specimen.

~
.\4;
\
\Cﬁ
~
~o

Figure 2.1 heschematidrawing of Hopkinson bars

1 E Impactorx 2. Laser velocimetex 3. Incident barx 4. Strain gaugex 5. Specimenx 6.
Strain gauge 7. Transmitted bak 8. Energy absorption lva< 9. Bumper
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The Split Hopkinson Pressure Bars are bagedthe onedimensionalwave
propagation theoryTherefore, one can calculate the stress as well apadttiele
velocity from the straimistory. It is also possible to time shift the measured sighal
the position of strain gage to the pressure bar end in contact with the specimen. From
specimen viewpoint (Figure 2.2), those three waves are simultaneously at the bar

specimen interfaces.

Figure 2.2 heschematidrawing of waves at bapecimerinterfaces

With the superimpositiorprinciple, force and velocity on the specimbar
interface can be calculated from the incident signals, reflected signals and the
transmittedsignalsby the following formulas (2.1)

(UaaeP L# "MWPEYR;  8as3eP L% AP F¥%PR;
(aecaeP L #'Y:P 8ecael L %Y P (2.1)

where A and E are respectivelythe cross section area and Yohdviodulus of
Hopkinson barsC, is the elastic wave speed in hars

For a short metallic specimen, one can assume besides:

1) The stress and strain fields in the specimen are homogenous;

2) The inertigeffects of specimen under dynamic loading can be ignored;

3) The friction between the specimen and the ends of input and output bars is
negligible

A nominal averagestrain rate, strain and stress of the tested specimen can be

calculated from the basicanves:

¢ x| 8%,
Y8R Lo L= P (2.2)
. 64 .
%P L—@|f\@P,@P (2.3)
&P L' @AY:P (2.4)
b
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where Yi P and Y :P, are respectively the reflected and transmitted strain pulses
measured by strain gauge8, is the areaof specimen cross sectiorgis the

specimen length.

2.1.2 Some specific problems in SHPB technique

2.1.2.1 Large diameter pressure bar/Viscoelastic pressure bar

Traditional SHPB uses small diameter pressure bar (about 10mm) to meet the
one dimensioal wave propagation assumption. However, wimenrock, ceramic and
concreteshould be tested for military @ivil engineeringapplications large size of
specimens isieeded to ensure the validation of the experimental re3iilesefore,
large diameteBHPB haseen developed for characterizing the dynamic propesties

thesematerials For exampleGary and Bailly®®

performed experiments on concrete
using Hopkinson bar with diameter o80mm Fandrich and ceworkers™
investigated the fracture mechem of solid grains using Hopkinson bar with
diameter ofLOOMmm

Another practical difficulty is low resistance of cellular material such as
honeycomb, foarlike materials because the signal/noise ratio in the metallic pressure
bar is too small. The pressubar of low acoustic impedance should be used. For
example, Zhdd®® establishednylon SHPB with diameter of 60mm to test

mechanical performance of bukllularmaterials

2.1.2.2 Wave dispersions in the time shift of measured impulse

The Hopkinsonbar measurement is based on -dimeensional elastic wave
theory. According to this theory, the strain signals are not only known at the
measuring points but everywhere in the bar becaustaaticwave can be shifted to
any distance without distortion. Mever, the on@imensional wave theory is not
alwaystrue especially for the large diameter bars, and the geometrical effects should
be taken into accountn fact, there are wave dispersion effects during the propagation
of waves in elastic or viscoelastbars. For the classical Hopkinson bars, the ratio of
bar diameter over bar length is small enough and this wigsmgersioneffect is
negligible. While for large diameteHopkinson bars, the wave dispersion effects
should be taken intaccount In generalacorrectionof dispersion on the basis of the
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theory of three dimensia stress wave propagating in infiniteylindrical rod by
Pochhammer and Chf&e® can be applied.

Moreover, when the viscoelastic pressure bars are used, the traditional @orrecti
methods on wave dispersion are not suitable anymore and a correction on the basis of
3D viscoelastic wave propagation should be chosen.

2.1.2.3 Inertia effect and friction effect

In a SHPB test, the energy received by the specimen from the pressigaditar
only converted tothe strain energy, but also lateral kinetic energy haodzontal
kinetic energy Therefore the strength of the specimen is overestimatethdlse
inertia effects ar@ot taken into account. Another problem is the unavoidableofnic
in the compression tests.

However, it is also possible to eliminate the additional stress caused by inertia
effectand minimizethe friction to determine moreealisticexperimental results. For
exampleDavis and Hunté?! proposed dormulato corect the effect of inertia.

PL& Fe-FE&S F- 1 — (2.5)
< : I'¢

Klepezko and Malinowski*”! proposed a formula to take account of friction
effect.

PL & F:s F%’f’; (2.6)

whereE &% is the measured stress in the specimégs the density of the specimen,
a4ds the poissof§ ratio of the specimen@is the diameter of the specimen, alis
the length of the specimen.

2.2 Experimental techniques for characteriz ing the SMAT
treated AISI304 austenitic stainless steel sheet using

SHPB

2.2.1 Choice of testing technique
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In order to characterize the rate sensitivity of the mechanical behavibe of t
SMAT treatedAISI304 ausenitic stainless steetheet, SHPB as a universal testing
technique for impact loading should be used. The conventional SHPB compression
test cannot be applied for this thin sheet metal because of buckling concerns. The
impact tensile Hopkinson bar testqueres specific device as well as a special
attachment design to avoid early failure at the attaching location or the huge peak
force at the early stage thfe test due to contacting imperfections

The remaining pssibility is the plane she&st which isusually considered as a
complementary tool to the standard tensile tests for sheet metals, especially when the
plastic criterion is desired. Actually, the shear test has even following advantages: it
permits to realize large straimadingwithout geomeic instability (till 80%). Besides,
as the plane sheareais very small, at the same impact speed, the strain rate is much
higher. For all this reason, shear test is chosarthéwacterizehe rate sensitivity of
the SMAT treatedAISI304 austeniticstairiess steesheet.

2.2.2 Review of impact plan e shear test

The pioneer worlof losipesct?® introduced the ifplane single shear fixture for
sheet metals under quasatic loading.Figure 2.3(a) shows the basic principle of
such a conceptSuch a fixturewas afterwards applied to polymessting®™ and
composites testidf®?. The weltknown Arcan fixture!’®¥ to generate in plane
combined tensionshear was quite close to this basic conceptowever, the
shortcoming of such testing figuration with a $enghearzoneis therequiremenbf a
rigid clamping system.

Yoshida and MyaucH? proposed symmetric double shear configuration under
guaststatic testsKigure 2.3(b). It improves the stability of the clamping system due

to the symmetric geometry.
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Rigid specimen clamp Rigid specimen damp
/ with a horizontal and

4 ) vertical carriage
Fa

i=lo

7|

|:-'El:| L8 ] ™ Specimen

(b)

Figure 23 Configuration of shearing specimen in tests(a)single shearing zone and (b)double

shearing zorf&™

Careful attention should be paid to tpeometryof in-plane shear specimenhe
length of the shear zone and the width of the specimen csheaitlsfy certain
requirementgseeing in figure 2.4). For example, the ratio of width and thickness of
the specimen needed to be snaibugh namelyl/a<10 to avoid buckling of the
shearing zone. Meanwhile, the ratio of width and length of the specinoeihdsbe

small enouglfl /Ly<1/10)as well toensure a large homogeneous shear zone.
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Figure 24 Thedouble shearing specin&ff
where,| is the width of shearing ardayjs the total width of the specimeny is the
total length of the specimen.

Under dynamic loading, shearing tests were initially performed by Campbell and
Ferguson(1976Y3. They put a doubleotched specimen directly in contact with an
input Hopkinson bar and an output Hopkinson tlkgure 2.5 provides a schematic
drawing of this cafiguration (se&uoet al.*%).

Clamp Clamp cover1

Specimen

Output tube

Clamp cover2 Input bar

Figure 2.5 Clamping fixture for small shearing specittfén

However, a small doubleotched specimen (gage length of 0.8mm) was used
because of the small size of Hopkinson bars. It leads to an important error dae to t
northomogeneous shear strain and also to dbeere plastiadeformation of the
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specimen supports. Modifications of the specimen geometry in order to reduce testing
error was also reporte but with a limited improvement because the gage length is
fixed.

In order to overcome this difficulty and to ad@bigger specimen as used in
most quasstatic casesan additional ceaxis clamping device is designed and placed
in between a large diameter Hopkinson bar system. This technique was initially
repored by Klepaczko and ceworker$'® and Gary and Nowacki” with
respectively 30mm and 40mm diameter alumirhanm

This new technique offered rather good result provided that there is no
impedance jump between clamping device and the Hopkinson bardhandate
dispersion effect is well taken into account in the data processing.l&gen system
(60mm diameter Hakinsonbar+clamping device) was also reported and it is proven
that the plane wave assumption is still valid in this ¢&seFigure 2.6a stws the
overall setup of this testing configuration and Figure 2.6b depicts the photo of 60mm
large diameter SHPB together with the clamping devices.

(a)
(b)

Figure2.6 Theschematiadrawing of double shearing te@$andLarge diameters

Hopkinson bar setp(b)
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Thedouble sheatlampingdevice iscomposed of two coaxial piecesmde of
high strength steeThe principle is schematically shown in figure 2.7.

— S

- -

1M 1 shear zones |

|

Figure 2.7Double shear specimen and clamping device

The innerrectangula part of thespecimes clampedby theinner coaxial part
with griping tdh aligned on the border of the shear area. The two external
rectangularparts of the specimen are clampéy the external coaxial pieces with
griping tedah aligned at the boundarywhen he two coaxial pieces move relatively,
the two rectangularzones(width 1) between inner and external coaxial pieees
sheared.

Quasistatic tests can be simply performed by puttimgclamped specimen into
a classical hydraulic testing machiri@ynamic testscan be realizedby placing the
clamped specimém between the two Hopkinson pressure bars. It is of course
necessary tcensure that the inner and external clamping pieces have the same
acousticalimpedance thaeéquals to the pressure faimpedance to avoid spgous
oscillations. In particular, the studietkvice isdesigned for aluminunbars with a
diameter 060 mm Thus, the overall specimen size (kg 2.7 left) is of 60mm long
and 30mm high. The clamping pieces édavlength o#lOmmTechnical details can be
found in(Merle, 2006Y%%,

However, with this new possibility of shear specimen geometry, it is still
necessary to respect the limitation of the thickness/watth as well as width/length
ratio of the shear area to prevent hiekling and instabilitid™.

2.2.3 Double shear test on the SMAT treated AISI304
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austenitic  stainless steel sheet under quasi -static and

dynamic loading

2.2.3.1 Specimen and fixture clamping

The double shear specimen was cut fiommthick raw AISI3@! stainless steel
sheet. Its chemical compositions are the followiGg(18.3%), Ni (8%), Mn (0.9%)
and Si (06%). Figure 2.8a illustrates the dimension of #jeecimenwith an overall
length of62 mmand a width of 30 mm. Thehear zones marked withwidth of 3
mm has a reduceléngth of 20 mmn order to obtain a better clamping condition.

Shear zones can be SMAT treated on the both sides. A photo of the SMAT
treated specimen as well as the details in the shear amnpsesented in figure 2.8
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Figure 2.8a

Figure2.8b Photo of specimen and the detail of SMATed shear zone
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Figure2.9 showsthe clampingdevices composed of inner piecester pieces,

Figure2.9 Double shearing specimen and fixture clampiegice

positioning flange, zigzag clp for avoiding glide between the clamps and the
specimen. Bolts of M8 are used to fix the specimen in the clamps

An additional device is used in the assembling procedure in order to guide all the
clamping pieces and to ensure the parallel end faces betiveennerand external
clamping pieces(Bure 2.10). A moment of 20Nns applied on the bolts, which is
found as a goodompromiseto avoid the damage caused higzag clips on the

specimen.

Figure2.10 Locateddevicesfor the shearing test

2.2.3.2 Quasi static and impact loading details
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The assembly of the clamping device and SMAT treatedAISI304 austenitic
stainless steelspecimen can be put in theniversal TensionCompression
INSTRON3369 machingo perform quasi static double shear tédte foice and
displacement is directigneasuredy testing machine. Anyway, to ensure the accurate
experimental results, the machine rigidity neeasuredbefore testing. In the data
processing, the defomation of the crossbeam is thesmoved.

It can be also plad in between the 60mAluminum Hopkinson bar including
an incident bar of 4500 mm long and a transmitted bar of 2000(asnshown in
Figure 2.6) to perform dynamic tests. The tensiompulses of three basic waves are
recorded by the signal acquisition cha

2.2.3.3 Data processing details for impact double shearing tests

As aforementioned, the use lafrge diameteHopkinson bamwill lead to wave
dispersion Careful data processing is needed to obtain accurate résltsxample,
the correction of thisGLVSHUVLRQ HIIHFW RQ WKH EDVLV RI D JH
wave propagation theory onsequently performed in data processBesides the
calibration of the measuring chains quite mportant in order to obtain credible
experimental results becausemy factorssuch aghe coefficient of gauges, gain of
the amplifiermight vary with time

With all the necessary precaution on the signal processing, the measured tension
corresponding to the three basic waves (incident, reflected and transmitted) can be
converted to strain and time shift correctly to the bar specimen interfaces. It is noted
that the clamping device is considered as a short extension of the pressure bars
because their acoustic impedance is the same as the pressure bar.

Figure 2.11 depis these three wavethere is no sharp peak related with a bad
contact, nor highHrequencyoscillations related with the successive reflections within
the clamping device. These waves demonstrated influences of the complex clamping
device could be more tess neglected.
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Figure2.11 Curves of stress wave in the specimen

The force and the velocity on the speciniam interface can be calculated from
the three waves by formulas (2.7).

(vaaeP L# WREYR:  &aach L % WRF P,
(aecael L #'Y:P 8ecael L %Y P (2.7)
Figure 2.12 shows the two forces time history. It can be seen that an equilibrium
stae is rather rapidly reached.

Figure 2.12Comparison of input force and the output force
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The displacement can be calculated by the time integral of the difference of
input and output velocities(Equation 2.8),
N . . .
e s L |4:8Eé§éé'gRF&Jéég'R@1P (28)

A relationship between force and displacement time history can be obtained as
in a quasistatic test (Figure 2.13).

Figure 2.8 Curve of displacement and force

2.2.3.4 Average nominal stress -strain relation

From the basic measurements of such awdsth arethe force F and the relative
displacement df the shear zone (see also Figure R.B nominal stresstrain
relation can be extracted. It is noted that the impact shear test provides rather
indirectly the measurement of force and displacement as shown in the previous
sections while the quastatic test provides them directly.
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Figure2.14 The schematic drawingf simple plane shear

Actually, one carassune for the simplicity a purehear statevhere thestrain
state and strestate arexpressed as following,

T Ur rir
BL—GeU rori PL& r ri (2.9)
rr r rr r

where a = d/l is the shear strailClassical equivalent stragan becalculated with the
measureddisplacement d (Heation 210) and equivalent stress with the force F

(Equation 2.1 ) if von Mises criterion is assumed

X

Yo 4l —= (2.10

éysL RwAal LS (2.12)

Figure 2.15 shows this stress strain curve.
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Figure 2.15Equivalent stress and equivalent straith strain rate of 420/ s

2.3 Nominal results of rate sensitivity SMAT treated

AISI304 austenitic stainless steel sheet

Following strictly the aforementioned experimental procedure, tests are
performed at Slifferentloading velocitieq0.001mm/s 2.92m/s 3.4 m/s 4.82m/s
and 4.87 m/g). In order toevaluatethe efficiency of the clamping device, the
interrupted tests withoading-unloading cycle under small deformation have been
executed under quasstatic loading. After unloading, the clamping device is
amountedand photos ofpermanentlydeformed specimen are taken. Figure 2.16
depicts the nominal strestrain curves of thenterrupted tests compared with a
continuoustest. It appears that thhepeatabilityof those shear tests are good and it
indicates the clamping device are rattediabe.

Figure 2.17 (ad) shows the photos afpecimenafter the 4 strain steps. It is
found that there is almost no slip between the specimen and the clamping device when
shear strain is still limited (Figure 2.17{@&)). These photos reveal also (Figure
2.17(d)) the clamping efficiency is surely not acceptable when the shear strain exceed

acertain limit.
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Figure 2.5 Experimental results comparison of interrupted test and continuous test under

guaststatic loading

Figure 217 The deformation of specimen for interrupted test

The equivalennominal shear stress and shear stralation are also obtained
from the SHPB tests, following the data processing procedure presented previously.
The loading rates 00.001 mm/s 2.92 m/s, 3.4 m/s 4.82 m/s and 4.87 m/s
correspondent to equivalent strain rate of 0.0002/s, 420/s, 500/s, 740680&nd 7
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Figure 2.18 presents all trequivalentnominal shear stress and shear strain
relations fromquasistatictess to SHPB tests. An important rate sensitivity is found
for thisSMAT treated AISI304usteniticstainless steel sheet

Figure2.18 Comparisorof the equivalent stress and equivalent strain under-gtet and

dynamic loading

Figure 2.19 depicts the ragensitivity of the rawAISI304 austeniticstainless
steelfound in the literatur€.

Figure2.19 True stresstrain curves of AlSI30dinder different strain rates!
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In order to compare the strain raensitivity of the two materiaktates Figure
2.20 gives a comparison of the rate sensitivitiesthef SMAT treatedAlSI304
austeniticstainless stdeand the rawAlSI304 austeniticstanless steefound in the
literature. It is demonstrated that the SMAT trea®81304 austeniticstainless stde
is much more ratsensitivethan that of raw materialt is noticed thaBMAT treated
AISI304 austeniticstainless stdesheetstill has good ductility. The plasticstrain
under dynamidoading carbe achieved oves0%

Figure2.20 Comparison of logarithmigield stress for different strain rates

2.4 Summary

In order to characterize the overall rate sensitivity of the SMAT tredi®i804
augenitic stainless stdesheet, thedouble shear tests are chosen using SHPB and a
specially designed clamping devices. In thisptbe SHPB technique and tipkane
shear test areriefly reviewed.

Adopted testing proceduresspeciallyfor the impact SHB test are described in
detail. Double shearing tests on SMAT trea#¢81304 austeniticstainless stéesheet
are performed at quastatic loading and dynamic loading rat®001 mm/s 2.92
m/s 3.4 m/s 4.82m/sand4.87 m/g). Interrupted test under gststatic loading were
also made to check the clamping efficiency. Experimental results show that the
overall rate sensitivity of the SMAT treaté@dSI304 austeniticstainless stéesheetis
much higher than that of raS1304 austeniticstainless stée
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Chapter3 Comprehensive analysis of impact double shear tests

&KDSWERPSUHKHQVLYH DQDO\VLYV
GRXEOH VKHDU WHVWYV

3.1 Validity of stress -strain curve obtained from double

shear test

In the chapter 2, the double shear testing results oBNh&T treated AISI304
austeniticstainless steel sheded to equivalent stressrain relation under following
assumptions:

(1) For early stage of the loading (at very small strain level, say the yield stress),
the equilibrium state is reached within the shear zone and an average stress strain
curve do represent the constitutive relation of tested material.

(2) For the large strain level, the small strain assumption will not induce
significant error.

Unfortunately, suclassumptioa are evidently not exgandit is then crucial to
evaluate thm. For this purposeRusinek and klepaczKd***? performeda numerical
analysis of the shear area to evaluate the honeogesnstate levedf the strain and
stresdield in the shear area and found that theyrenotashomogeneous as expected.
The nonhomogeneous strain fiedasalso experimentally proven ke successive
digital image correlation measuremémthe studies of Merle and Zh&&1®13114],
Besides, this simulation shewa significant gap between given constitutive law and
the stressstrain relation obtained from simulated forces and displacem&hus,
coefficients (which is afunction of the shear strain level) based on numerical
simulationswere proposed to fillin the gaps in stress as well as the strauthSa
concept ofcorrective coefficiens is still used nowaday$***. For instance, GU8™
performed the dynamic shearing tests on small double shear specimens and
determinedcorrective coefficiens by experimental and numerical methods under
dynamic loading. Thenodified formulas with coefficient factors will be shown in
(3.1) and (3.2) as following:

RL a§§' (3.1)

@L a& (3.2)

3
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where, a8and a8are respectively the coefficient factors for shear stress and shear
strain, ( is the force loaded on the shear zone of the specifmsnthe area of
specimen cross section for shear foréand Hare respectively the deformation of
shar zone and length of shear zone.

Nevertheless,uxch a gtateof-art fis notsatisfactoryfor many reasons. Actually,
the numericalreferences a simple shear area model. The stiffness of the clamping
device is not taken into accouerspeciallyfor theimpact loadingvherethe transient
effect in the clamping device is not clear at Ahother possible discussion lies in the
usual formulas relating forces and displacement to the shear stress and strain,
especially under large strain.

In this chapter, & aims at numericalanalysisof the experimental conditions of
this plane shear tedtirst of all, thehomogeneity of the shear zone is evaluated by
simulation of the shear zone only.complete numerical model (clamps+specimen) is
proposed to evaluatedhnfluence of the stiffness of the clamps in gtsdatic and
impact loadingcases An analysis of large strameformationis alsodevelopedand it
leads to the natural cancellation of correctives coefficient of strain.

3.2 Numerical evaluation of shear zone homogeneity

In orderto evaluate thehomogeneity of the shear zgna simplenumerical
simulation of a rectangular shear specimen with 3 mm width and the length varying
from 20 mm to 120 mm is performed. The numerical modekonstructed in
ABAQUS/gandard code with the -Bode linear brick elements with reduced
integration and hourglass control (C3D8Rhe use of 3D brick element is motived
by the smalklement size compared to the thickness of specimen. Another reason is to
avoid simplified largetsain treatments in some typé shell elements used in explicit
version.

Figure 3.1 shows schematically the FEM modéle element size i8.4mmh
0.375mmh 0.3333nm. The clamping boundary condition is applied to one eafge
rectangular shear specimeavhile a velocity of 0.001 mm/s was imposed on the nodes
of theopposite edge.

The constitutive relation used in this simulation is extracted flonble shear
testing curve oBMAT treated steff (Figure3.2).
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Figure 31 Schemathe mesheand the elem# sizesof the specimen for the numerical model

Figure 32 Prescribed constitutive relation

It is noted that the real testing condition is not a pure shear condition because
lateral motion of the coaxial clamping devices is not possible. Tdrerhen more
and more tensiorcomponentswhen the strain increases. &ig 3.3 depicts the
average value of all the elementsdifferentcomponents of stress and strain tensors.
The tensile componerd rathersmall but always exists.

It should be also rted thatthe state of strain and stress is never homogeneous
because of the free boundary conditiofgure 34 shows the average value of the
equivalent stress and equivalent strain of all the elements in the lines at the top surface,
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at a distance of 1.25mm a@dbmm from the top free surface and at teater(see
Figure 3.14)) in the case of a shear area length of 20mm.stédte of stress and strain

is clearly not homogeneous.

Figure 3.3Average value of stress and strain components

Figure 3.4Equivalentstress and strain at different locations

Such gaps between real testing condition mledlizedpure sheamssumption
cannot be avoided. Even though a long specimen length of 120mm (6 times) is used,
the overall error will not be significantly reducedgtiie 35(a) provides an overall
comparison between the numerically calculated f@¢socaled with length ratioand
the prescribed force obtad by applying theEquation2.11) to the prescribed
constitutive relation. The relative error can be defined depicted in Figire 35(b),
where the improvement is rather limited.

Consequently, 20mm or 30mm lengéne often adopted and the corrective
coefficients are used to fill in the gaps. tig 3.6depicts respectively the numerical
average equivalent stress quamed with nominal stressalculated by Egation2.11)
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and the average numerical equivalent strain compared with nominal strain
(Equation(2.10).

Figure 3.5Forces and numerical errors for different lengths of shear zone

It seems that the commonly useatrective coefficient for stress is not needed if
the average equivalent stress in the whole specimen is used instead of equivalent
stressat the central part of thepecimen(see also Figre 3.4left). However, a
multiplying coefficient applied tmominalstrain seems to be necessary.

Figure 3.6(a)
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Figure 3.6 Comparison between numerical results(a) and nominal stress and strain(b)

3.3 Numerical analysis of the i nfluence of the clamping

device

From aforementioned analysis, the corrective coeffisiemtlude theeventual
imprecisionof the used numerical model. An evident source of numerical errors lies
in the ignorancef the clamping device. A complete model including gapswell as
the specimen is then built. In order to minimize the influendbetontact, the fixing
bolts in all clamping pieces amdttaken into account.

An overall view of the FEM model is shown in Eig3.7.

Figure 3.7 Complete numerical model
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The convergence study on element simicates that elements of 0.4 mm in the
shear area are small enough to achieve the reliable resitii®# an acceptable
calculation timeThe element size is same with the case of simple model.

The constitutive parameters for the two types of model are shown in table 3.1.

Table3.1 Constitutiveparameters for the model

Components Young$ Density 2 Poissorf

ModulusE  (kg/m®) ratio Q
(GP3
Clamps 210 7800 0.3

3.3.1 Quasi -static test simulation

For the quasstatic simulation, the external clamps are fixed for all nodes
situatedat the bottomsurface. A constant velocity of 0.0@in/s is prescribed otine
top surfze of the inner clamp. Surfate-surface contact with penalty contact method
is used for all the contact faces between the specimen and clamps. No slip is allowed
between the two grips and the specimen.

Figure 3.8 and Figure 3.§ive the contour plots othe equivalentVon-Mises
stress and the shear strain at two nominal sttairels corresponohg to a
displacement of 1mm and 3mm.

They can be compared with the results obtained with the simple model presented
in the section 2 (superimposed in the cenpeat of the specimen). One can see that
the contourshapes antheir values between those two models are nearly the same,
which indicates a limited influence of the clamfiss worthwhile to notice that the
strain contour plot outside threctangularshear zone is due tthe deformation of
clamping piecedecause of the clampingactionforces It means that the clamping
pieces undergo deformation thatesults in a less rigid boundary condition.

45



Chapter3 Comprehensive analysis of impact double shear tests

Figure 3.8Von Mises stess comparison between the simple model and complete model

Figure 3.9Shear strain comparison between the simple model and complete model

The cetailed quantitative comparison betweie simple rigid model andhe
completemodel are also depicted in kig 310.
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Figure 310 Comparison between the simple model and complete model of the stress components

(a),(c),(e) and strain components (b),(d),(f) of different positions of the shear zone
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At different places in the specimerall the components seem only have
negligibledifference.

If we compare the numerical result with the prescribed force, the result of simple
modelagrees wellith that of complete model. However, at rather small rstridie
two modelsdiffer because of stiffnessxaggeratiorof clamping pieces in the simple
model. This leads naturally to different slopésheelastic stagesfeeFigure 311).

Figure 311 Overall comparisons between the simple model and completd mode

3.3.2 Impact test simulation

Numerical analysis of the complete model under impact loading is performed
with Abaqus/explicit.The material parameters (rate insensit&e)l element size are
the same as that of quadatic case. Input and output veloe#timeasured in a real
SHPBtest are prescribed at the two oppositesapidclamping device (see Rige
3.12). The input velocity is under 3 m/s/hich is rather small for a classical BBl
However, it leads to a shear strain rate around 1000 1/s becaugagé length

(width) in the shear configuration is only 3mm
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Figure3.12Theprescribed velocities
The average value of stress componentsufei@.1&) and straicomponents
(Figure 3.1®) under impacts compared with these values undeeststatic bading
It indicatesthat the effectof clampsis very small in the shearirgyea The detailed
comparison at different positions of all tctemponerg in these two loading case

shows that the stress and strain distributions are nearly the samne (Fld).

Figure3.13Stress and strain components for gisatic and dynamic models
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Figure 3.14Comparison between the quasatic model and dynamic model of the stress

components (a),(c),(e) and strain component$d{f) of different positions of the shear zone
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Above simulated results imply that the transient effect inside the shear area of
the specimen is negligible and a somehow equilibrium state has achieved quite
quickly. Figure 3.15illustrates this processsite the specimen.

It can be seen in Fige 3.15that at 18microseconds (a), the specimen is not yet
loaded.At 19microseconds (b), the shear start from corner in contact with the inner
grips propagating not only horizontally towards the external gripdhéghear wave
but alsoverticaly along the inner grips becausetbé compressive waveithin the
massive inner grips. At 20microseconds (c), it is clear that the compressive wave in
inner grips is dominantAt 22 microseconds (d), all the shear areanéarly
homogeneousWithin 4 microseconds which is the time needed for the compressive
wave to pass through the 20mm length of the shear area, the shear area is likely to be
loaded homogeneouslyauch processes repedtring the rising time of prescribed
velocity (40microseconds, sdégure 3.12. This may explain why the stress and
strain fields within shear area are hardly affected by the impact loading.

Unfortunately, such a quick equilibrium state does not mean that the transient
effect in the clampingieces is not important. Rige 3.16illustrates the compressive
wave propagating in the inner grips as an example. The wave needs more than 6

microseconds to go through the clamping pieces.
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Figure 3.15The contouplot of shear stress on the sheane at different moments

Figure 3.16Contourplot of compression wave stresgarchingon the inner clamp
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Figure 3.17Compression wave strega four nodes of outer surface of the inner clamp

Figure 3.17depicts the s&ss time histories at different posit®af the inner
grips. Point 4 is the free surface so that the stress isRaird. 1 is the place where
the input force is calculateds the other pointgyscillationsare found during all the
testing time. Therera roughly 7 periods in 20@icrosecondsA round tip is likely to
be made irmbout28 microseconds. The time delay between different points can give
a more accurate evaluation of the compressiage speed. A value of 5882s is
found and itmatches roughy the waves speed in a short cylinder (Fey 3.17).
Therefore, a round trip of 28microseconds corresponds to a distance of J\&hiom
is roughly the distance of a round trip inside inner and external grip0¢30)mm).

In order to further provéhatthis oscillation is due tthe wave traveling within
the clamps, aimulation for the clamps with a Youfjgmodulus 100 times high at
21000 GPa is performed. The wave spedbaal0 times quickr. Figure 3.18shows
the comparison of the two simulations well as the prescribed foro®ne can see
that the transient effect could dramatically affect the measured force. The input force
cannot be used at all because of the wave superimposition. The output force is likely
to be less affected because therenly @ time shift if no impedance jumps between
clamps and pressure bar. However, the early stage is more questionable. It is noted
also that the important spurious oscillations is surely exaggerated in the numerical
model where all the contact is hard.the real test, such oscillation is not observed,
likely to be mechanically absorbed.
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Figure 3.18Comparisorof output force withdifferentY RXQJTV PRGXOXV GHILQHG

3.4 Large strain definition used in FEM codes and strain

corrective coefficient

As mentioned irsection 3.1the corrective coefficients include not only the error
of numerical model but also the error in the way that the nominal stress and strain are
calculated. It imatural to ask whether the &atiors (2.10 and 2.11) are the best way
to calculate the nominal strain and stre=sspecially at high strain levels? Actually,
the default strain definition in most FEM codes and irttedl explicit codes (at least
for 3D brick elements) is the cumulated Eulerian stbitained byintegrating the
symmetric part of velocity gradienf.there is a rotation or precisely vorticity, which
is the case of plane shear testing, this integration should be made in a corotational
frame where theorticity is zero to ensure the @jtivity of the cumulated straff.
As the constitutive relatiomre naturally used in the FEM code, it is important to
formulate and experimentally identify suchedation using the same stress and strain
definition. The following theoretical analgsprovides thdormulas to calculatéhis
Eulerian cumulated strain from displacement d ({Feg214) directly measured during
testing.Besides, this analysis demonstrates also why the tension part baoonmees
and more important (shown in Fige 33).

Actually, if we take a fixed reference frarR¢ & al ak) as shown irFigure 214,
the velocity field inplane shear testing reads:
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r
r
where, @L @=Hls engineering shear strain.
The velocity gradient can be expressed as a sum of its symmetric part, the rate of

deformation&, and its antsymmetric part, the vorticity

rrr
CNB@LmMBr rq
rrr
r Bt r r FBt r
Ll r rqEnst r rglL & E 3¢ (3.4)
r roor r r r

The vorticity in this frame is then not zero. The cumulated Eulerian strain cannot
be calculatedn this frame. In order to find the needed frame withoutieity, we
rotate frameR( & ak a&) around & with an angleE =to define a new reference
frame " ®ARAER). Thus, the velocity field in this neflame can be expressed in the
coordinate system&akak) as :

(B TLEmE-"sF .. '+aCR
&eo L nB:é@—::s E .. '#a; ClyF Cége—ﬁ 1 (3:5)
r

The rate of deformation D and vortici®in thisrotating fameis calculated by

LA Ll A 6
&g L N R O3 LN O 3.6
FEETL  FBL™ Fab
As we aim at finding a reference frame where the vorticity shouletme this angle
Tt) shouldsatisfy
... U
Thus, the rate of deformation and vorticity are calculated in this specific reference

frame 4.

lAgg:IG J> lAgm:@ >

&ep LN 65 & 03wl (3.7)
A @ Y> ; PN g|6 Y> ;
B F=

By integrating & g»with time t, the strain tensors ' can be found:
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°<~6-<°@34E—6A °<~6...‘@5\4E—6A
"€ LN O (3.8)
°<~é...'@é\4E—6A F°<~é°<'@é4E—6A

The projection of strain tensor to the coordinate syst&#l ag) it leads to
S
"ELLNC 5_56 o) (3.9)

Thus, for the simple plane shear test, the-Migses equivalent strain for this Eulerian

cumulated strain tensor will be the following:
Yo 4L §—$:s F..'¢ (3.10)

Figure 3.19shows the comparison of the nominal equivalent strain calculated by
(Equation 3.10 with thenumerical average equivalent strain. There is nearly no gap
and this implies that the main gapaistually due to a misunderstanding of the strain
definition in the FEM codes in the large straianfiguration. It implies that the nen
homogeneous state of strain is not the main factor of thefgapg in previous works.

Figure 319 Numerical results compared with nominal strain

Finally, if the Euleiran cumaled strain is used to calculate nominal strain from

experimentablisplacement data and the average equivalent stress in all the shear area

is used, the correctiveoefficients are no longer needed. Wig 3.20depicts the
comparison between the prescribfedce/displacement relatiofwhich is used to
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calculate stressstrain relation for numerical models) and the calculated
force/displacement curve from the numerical model and they agree very well.

Figure 320 Comparison of modified numerical result angberiment result

3.5 Application to SMAT treated AISI304 austenitic

stainless steel sheet

Above complete analysis of shear testing conditions shows that even there is
no a homogeneous shear zone, the average equivalent sheaslstegsstrain
relation rdlect well the test materidbehaviorand the clamping device have very
limited influence on this resulHowever, the Eulerian cumulated strain should be
used for large strain.

The rate sensitivityobtained in Chapter 2or the SMAT treated AISI304
austettic stainless steel shegbes not take into account thle analyss developed
in section 3.4.Therefore,these results should beecalculatedusing Eulerian
cumulated equivalent strain.

Figure 3.21shows all theequivalentnominal stress andulerian curnlated
equivalent strain which calculated by Equation (3.10) relations foaststatic and
SHPB tests.
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Figure 3.2 Comparison of the equivalent stress and equivalent strain understatasand

dynamic loading
3.6 Summary

The double shear tests faheet metals are investigated numerically and
analytically in this papein order to understand and improve actual data extracting
method. The main points are tte#lowing:

i) The clamping device has been added in the numerical model devoted to find
commally used corrective coefficients to extract streain relation in such test.
Under quasstatic loading, Taking account of the clamps leads to a less rigid
boundary condition on thehear area. It leads to an additional error on the early stage
of thetest (elastic part).

i) Under impact loading, the shear loading in the shear area is mainly guided by the
compressive wave within the massive clamping pieces. The equilibrium within the
sheararea is quickly attained. However, the transient effect dweate propagating
betweerthe clamping pieces leads to important oscillations.

iii) The cumulated Eulerian strain should be used to calculate the nominal strain in
such test.With this cumulated Eulerian strain and Cauchy stress derived from
experimentadisplacement/force recording, it is possible to repeat numerically the test.
It implies thatall the corrective coefficients commonly used for this &@sho longer
needed
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4.1 Multi-layers geometry and the elastic plastic

parameters of each layer.

As mentioned at the beginning, the final aims of this Ph.D research is to better
understand the quastatic and impet behavior ofSMAT treated ASI304 austenitic
stainless steel sheahd to build a reliable constitutive model. With this constitutive
model, the response of structures mad8MAT treated ASI304austeniticstainless
steel sheetan be predicted. Furtimaore, prospective studies on the influence of the
propertieggradient can be performed and gradient adaptive designs become possible.

For this purpose, waimed atbuilding amulti-layers elastiplastic damageable
model for SMAT treated FS1304 austeniic stainless steel sheéehaviorin this
chapter. Thus, the starting point is ttensile testing results o8MAT treated
AlSI1304 austeniticstainless steel sheetfter removing differendepth of treated
surface already described in the introduction.

Actually, it is not easy tambtain the constitutive law of each layer of SMAT
treatedsheet metalbecause athe difficulties of separating each layer from tgole
structures.Such a process via removing different layers step by ste@ tensile
experimets of the specimenafter outer surface removas the only available
procedureto get quantitative information of the layers geometry and its mechanical
propertie§*118,

Figure 4.1 recalk the typicaltrue stress strain curves of various tensile tests,
where the four following types of specimen are used:

(1) 2mm thick AlSI304austeniticstainless steels received,

(2) 2mm thick AlSI304austeniticstainless steatith SMAT at both sides;

(3) 0.7mmthick AISI304 austeniticstainless steekith SMAT atboth sides and
remowvedthe upper and lower surfacé0.15mmeach.
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(4) 0.smm thick AlSI304 austeniticstainless steekith SMAT at both sides and
remowvedthe upper and lower surfacé0.25mmeach.

SMAT
o I
1000 — 150 1 m Removed
' ~
i_:. 300 — ) 150 1 m Removed '
f_‘ - 250 1 m Removed
f
o 600
? -
=
:_‘.' 400 —
200 —
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0 10 20 30 40 50 60
True strain (%)

Figure4.1 True stressstrain curves of the treated aaslreceived AlSI304 stainless steel

of 1mm thickness and different testing states of specimens

It is obvious that the geometry of layers in the prospective model should
correspond to the removal thickness. Therefore, we propose a model with five layers:
a core layer of 0.5mm in theenter two adjacentransition layers of 0.1mm and two
external top hard layers of 0.15mm.

From figure 4.1, it is easy to make a curve fitting to the simple elplstatic
Ludwig model as given irquation 4.1)

PL E B (4.1)

The curve fitting provides parameters expressed as follows,

Psol urrsE v{Eas; (4.2
PoagochkZwWw E s&B; 4.3
Pia L yu{sEtdwg; (4.4)
Pyg L xxws E t&wB; (4.5

From these parameters, if we suppose the behavior of each layers has the same
type of expression, theslasic-plastic relations of each layer canbe derived
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individually. Actually, the core layer behavior is already known fiequation4.5,
the transition layer behaviaan be easily determined froEguation4.4 and finally
that of the top hard layer froBquation4.3. The parametersf eachlayer aregiven in
Table 4.1

Table 41 Elasticplastic parameters of different graded layers

Components Top layer Transition layer Core layer

A 1122.3 924 665
B 1021.3 1894.2 1363.3

Figure 4.2(a) depicts anllustration of the yield point of each layer whereas the
hardening behavior is plotted kigure4.2 (b).

Figure4.2 Yield stresses (a) arithrdeningb) of layers

4.2 Determining the damage evolution and fracture strain

of each layer

4.2.1 Inverse identification by numerical simulation

Elastic plastic parasters of each layers is easily found because each layer is
considered as homogeneous at this stage of strain. However, the fracture feature is a
localizedparameter, thapparenfracture strain in Figure 4.1 do not offer an evident
assessment of fractungarametes in each layer. An inverse identification using
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numerical simulation is unavoidable.

ABAQUS/Explicit was used for establishing models to simulate the tensile tests.
Actually, materialfailure and elemendegradation often leads severeconvergace
difficulties in ABAQUS/implicit, while such problems do not existarplicit analysis

The tensile dodpone specimemodel is shown in Figure4.3. The constitutive

parametersire listedn Table4.1.

Figure4.3 The model for tensile simulation anceghes

Eight-node reduced integratior8D brick elementswere used to generate the
model In order to achievéhe boundary conditiononsistentvith the reakensile test
(seeFigure4.5), the leftpart ofthe model idixed as the clamping boundary conditi
and a velocity 06.5mnis corresponding witkequivalentstrain rate ofl0? s* loaded
in axial direction onthe right part. It was divided in five graded layeirs the
thickness directionThe thickness ofhe uppersurfacelayer, the adjacenttranstion
layers andthe core layer ard.15mm,0.1mmand0.5mmrespectively It is easy to
construct then the numerical models for 0.7mm specimen as well as the 0.5mm core

only model.
‘H FKRVH WR XVH $%%$486 ([SOLFLW EHFDXVHURI LWV FF
WKH SUREOHP LQYROYHQROWWHRQ:sDPDDHW XUH +RZI

$%%$486 ([SOLFLW LV FRQGLWLRQDOO\ VWDEOH DQG WK
IROORZ

e

PL% (4.6)

2L & (4.7)
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ZKHUHYV WKH VPDOOHVW HOHPHQWVGWRHQAD RV HWEH F
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LPSDFW S EiktEeQlenBity
For our quasstatic simulation ABAQUS/Explicit provides arautomatic mass
scaling techniquewhich can be used facrease the timecrementto an acceptable
value by enlarging material densitlfrom the two equationabove if artificially
increasng the material density éas B® times then the velocity will be reducedB
times, which could enhancthe stalle incrementstep asBimes. The quasistatic
loading conditions are guaranteed by ensuangmallratio the kinetic energhe
strain energy with thehosertime increment.
The time incremenin this workis enlarged to be V The ratio the kinetic
enepy/strain energys aroundl0* with this chosertime incrementsee Figure 4.4)

Figure4.4 Comparison of kinetic energy and internal energy using mass scaling
4.2.2 Selected damage model

The isotropic dctile damagemodelavaiable in ABAQUS/explicit is choserit
is assumedhat the degradation of the stiffness associated with each active failure
mechanism can be modeled using a scalar damage vaddiataptuing the combined
effect of all active mechanismAt any given timeduring the analysis the stress tensor

in the material is given by the scalar damage equation,
&ysL 'sF & &)y EL sa&aFL u; (4.9)
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wherg D is the overall damage variable agfjis the effective (or undamag) stress
tensor computed in the current incremé@&htan monotonously change from O to 1.

An important thing is to definéné criterion for damage initiatiort is the point
when the damage mechanism will start. Equation @xpjesses thisondition

~ . oxgox
Ny, L

IW L s (4.9

where, DL F’ 08" is stress triaxiality,” is hydrostatic pressure;,is Von Mises
equivalent stress# is equivalent plastic strain rateXy is a state valueE
monotonicallyincreasing with plastic deformation. In practice, this criterion can be
simply characterizedby a coefficient called the strain at fractioﬁ,éooggrgg
ABAQUS/Explicit.

After this starting pointthe damagevill vary following a damagevoluion law
to be defined. ABAQUS proposan exponentiadamageevolution law (Ecuation
4.10).

& L—— (4.10)

In practice,this evolution is determined by twparametersthe relative plastic
displacement at failurﬁjand the exponenU

Therefore, the entire numerical processing can be shoyfidowye 4.5 which

illustrates the characteristic strestgain behavior of a material undergoing damage.

Figure4.5 Stressstrain curve with progressive damage degradation(a) and Exponential form

for damage evolution(b)
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In the context of an elastjglastic mateal with isotropic hardening, the damage
manifests itself in two forms: softening of the yield stress and degradation of the
elasticity. The solid curve in the figure represents the damaged-stir@ssresponse,
while the dashed curve is the responsenedbsence of damag&hen thecriterion
(Equation 4.10) isatisfied D = 0 and the damage starts, then with the increase of
loading, the damage evolution go along the pkfined tigure 4.5(b)). When D = 1,
the overall damage happen®&y. default,the element is removed from the mesh if all
of the section points at any one integration location have lost theirchyaging

capacity.
4.2.3 Simulated results and identified parameters

The numerical simulations of three cases (case A, 1mm specimen; case B,
0.7mm specimen, case C, 0.5mm core only specimen) have been realized respectively.
Material parameters to be given to ABAQUS/Explicit are listed in the following table
4.2.

Table 4.2 Parameter needed to elastic plastic damage model

Components Each gradientayer
Q %ol 7; Density
s Young$ modules
K SRLVVRQTV U
A(MPa) Yield stress
B(MPa) Hardening coefficient
n Hardening exponent

Ya60ceas  Damage staing stain level

R Triaxiality coefficient
Q}j Displacement at failure
U Softening exponent

Figure4.6(a), (b)and(c) depicts he evolution ofequivalent plastic straifor the
three cases (case A, 1mm specimen; case B, 0.7mm specimen, case C, 0.5mm core

only specimen).
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Figure4.6 Contour of equivalent strain faiifferent cases

As the elastic plastic parameters of each layer are already known, the inverse
identification concerns only the damage model paramedrss(e g,é% U

By adjusting these parameters in the three models, one -cally fifit
experimental ductile damage evolution and the final fracture point. Figure 4.7
illustrates the best fit found and the identiframeters are given frable4.3.

Figure4.7 Comparison of experimental results and numerical results
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Table 43 Input parameters of the layers in Abaqus

Components Top layer Transition layer Core layer
Q %ol 7; 8000 8000 8000
i f; 200 200 200
3RLVVRQHKV 0.3 0.3 0.3
A 1122.3 924 665
B 1021.3 1894.2 1363.3
Ya00ceao 0.35 0.35 0.2
€&avoesvonuci 033 0.33 0.33
Displacement at failure 20 10 3
Softening exponent 1 1 5

4.3 Validation of the identified elastic -plastic damageable

model

4.3.1 Quasi -static piercing test

In order to evaluate the performanafethe elasticplastic damageable modas
well as the identified parameters given above, a reference struettrs neededVe
have selected a piercing test of clamped SMAT treAl&d304 austeniticstainless
steelsheet as a reference test.

The testing configuration is basically composed of a hollow clamping support
with 40mm inner diameter and a 60 mm clacusheet specimemihis hollow tube
like projectile is made from amluminum tube with a welded bottom plate at one end.
The circularspecimens@re mounted between the open end of the aluminum tube and
an aluminumclamping ring. The fixture is realizeay six uniformly distributed bolts
slightly tightened

Figure 4.8a depicts the scheme of specimen together with the clamping support
whereas Figure 4.8b shows the photo of this clamping support and the circular
AISI304 austeniticstainless steesheet of 60mm diameter. It can be seen that the
central part (40mm diameter) are SMAT treated.
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Figure4.8 Schematic drawing of projectil@) photo of projectileand specimen (b)

The piercing ofthe plate specimen mounted on the clamping support
performed at avelocity of 0.1mm/sby MTS810testing machine usinthe indenter
with diameter of 16mn@Figure4.9).

Figure4.9MTS 810 setup (a) and fixture of the specimen (b)

In order to evaluate the clamping condition, the interrupted tests were performed
through badingunloading cycles with a displacement of 1mm every cy&feer each
unloading, photos are taken and the clamping condition was checked just like what we
have done in the double shear testing. No evident slip was obs@&hegiercing
displacement rad piercing force curves of all these interrupted tests is in good
agreement with that of the continuous tésg(re4.10), which indicates a good test
condition.
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Figure4.10 Results comparison of the jumping test and the continuing test

4.3.2 Numerica | models of the piercing test

Numerical model of this piercing test is builhe specimen/plateas discretized
by 8node linear brick elements with reduced integration and hourglass control
(C3D8R). The 1mm thickplate is modeledwith five layersas inthe tensile tests
above two tophard layersof 0.15mm thick, two transition laye§ 0.1mm thick and
the inner cordayerof 0.5mm thick(Figure 4.11).

Figure 411 Simulation model undegquasistaticloading(a) and

Mesh configuration of the specimémn)

The models divided into three zones orderto reduce computational tinfe®st.
The central zone |1 is taken &ago times larger than that of the penetrgtt8mm)to
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ensureaccuracy of the model whergefined mesh is used to have element size fo
0.15mmh 0.15mmh 0.05mm each. Outside this central zonddiger elements are
usedin Zonell and Zonelll A convergence study on element size shows that the used
elements are small enough for obtaining reliable results within reasonable calculation
expanse.lt is emphasizedhat the identified constitutive models for edaler listed
in Table 43 are prescribed. Only the stress triaxiality coefficient is set to 0.66 because
an equal baxial tension loading idominant

The indenter is modeled as rigaylindrical rod with emisphericalhead. A
predefined velocity of 0.1lmm/s was applied on the specirBemtaceto-surface
contact with penalty contact method is emplay€de friction coefficient between
specimen and the indenter is set to 0, which ieesponding with the real tests where

the lubricanis appliedbetween thespecimen and theemisphericahead.

4.3.3 Numerical results and comparisons

Figure 4.2 depicts the piercing foredisplacement curve compared to the

experimental measurement.

Figure4.12 Comparisons of numerical results and experimental results

under quasstatic loading

It can be seen that at the early stage under 6mm displacement, a perfect
agreement is obtained. It means that the testing condition at this stage is wedldnodel
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and elastic plastic part of constitutive model is rather good. However, the numerical
model underestimates the peak force and the final failure displacement.

Figure 4.13 depicts the equivalent stress map at the point of final failure
compared with expenental postmortem observation. It seems that the damaged
range corresponds to the observed fracture locations.

Figure4.13 Comparison of numerical and experimental fracture morphology

at quasistatic loading

It is could be concluded that the proposéakticplasticdamageable constitutive
model can catch qualitatively the main damage/fracture feature in a
piercing/indentation tesWith the parameters identified using elogne tensile testing
results, this model can quantiteely reproduce piercindorce-displacement with a
reasonable error.

4.4 Summary

This chaptempreseted the parameterdentification of a constitutive modedor
SMAT treated ASI304austeniic stainless steel shedthe starting point is thiensile
testing results onSMAT treated AISI304 austenitic stainless steel sheetdfter
removing differentlepth of treated surface

An elastieplastic damageable constitutive model is adopted to describe the
behavior of each layer. The parametersefach layer are identified using an inverse
calculation technique. The thremensionalABAQUS/Explicit models with mass
scaling are built for the SMAT treateflISI304 austenitic stainless steetensile
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specimen. The best fit of parameters for each layer is obtainedirtgizing the
errorbetween reasured stress and calculated stress for the prescribecdhsttarg

In order to validate the identified model, a piereingentation test is performed.
Numerical simulation of such a pierciigdentation test using identified muléyers
constitutive model shows a good agreement wigxperimental results, which

illustrates the efficiency of the proposeldsticplasticdamageable constitutive model
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&KDSWSQVBHUIRUDWLRQ $HRIBOBDQF
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XQGHU LPSDFW ORDGLQJ DQG )*0 G

5.1 Impact Piercing tests of SMAT treated A ISI austenit ic

stainless steel sheet

Anti-perforation performance is generally evaluated by shooting a projectile on
fixed target platarmor. The projectilecan havedifferent shapeswarheads(blunt
head projectile conical head projectile andsphericalhead projectil®****#, The
measurement of such a piercing test is rather poor because only thaop@sh
observation of the target and thesidual veloity of the projectile are the main
availablé™+4%,

The main deficiency of classical free flying projectideget perforation tests
reported in the open literatuiethe lack of the force recording during the perforation
process. An evident solutias to use an instrumentdoing rod as the projectile, and
the piercing force is then measurable from recorded wave profiles as in th&f ease
Hopkinson pressure haHowever, it was very difficult to launch a long rod at a
uniform speedvithout frictionsduring the test. In general, a length of several meters
is necessary because the measuduagation is determined by the length of the rod
over the wave speed. An alternative is to launch the témgstrike the perforating
long rod™*.

Therefore,zhao and ceworkers proposedan inversed perforation testing sep

ugng a gas gun with a 70mm inner diamebarrel and a 16mm diameter anch-6
long rod with a semspherical nose at its perforating end. The radssrumented by
strain gauges aimed at acate force measurements during the whole perforation
processFigure 51 shows an outlinand photo®f the experimental setp. Zengand
Pattofatté®'*? successfullyrealized the study on the energy absorptiosasfdwich

structureby using this invers Hopkinson setip.
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Figure5.1 Scheme o&xperimentalsetup for perforation

For the penetration tests under dynamic loadihg,targetplate specimenwith
the hollow tubdike projectileas that used in our quastaticpiecingtest (Figure 4.8)
is launchedin the barrelTwo Teflon rings are screwed on the tube which afiona
small friction between projectile and the barrel of gas gunThe tubelike projectile
strike on thehemisphericahead (the same diameter of 16mm with that under quasi
staic loading) Hopkinsonbar. The velocity would be obtained from the signals by
collecting system. Another technical point concerns how to stop the launched
sandwch sample mounted on the hollqwojectile after complete perforation. The
adopted solution iso use an aluminum honeycomb bumperabsorb the residual
energy of the sandwich sample and the projectileurBidp.2shows the aluminum
honeycomlbumper and the sempherical nose end of the pressure bar.
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Figure 52 Projectile and Hopkinson pressurar and experimental setup

With aforementioned inversedepetrationtesting seup, the piercing strain
impulse Y:P,can be recordethy the strain gauges cemented on the pressure bars.
Indeed, Hopkinson pressure bar analysis is basetthe following basic assumption:
the waves propagating in the bars can be described by thdimansionalwave
propagation theoryAccording to this wave propagation theory, the stress and the
particle velocity associated with a single wave can be calculated from the associated
strain measured by the stragauges.Therefore, the piercing force and velocity time
history ( : B, 8:Pare calculated by

(5L 5% 6P (5.1)
8:5 L %Y:P, (5.2

where, 5xis the cross section area of pressure bagis the Younds modulus of
Hopkinson bar%)is thewave speed of Hopkinson baB, - is the particle velocity
of Hopkinson.

&aavooRbed F i, 7 @1 (5.3

where, / is a total mass of specimen and impact tube.

According to formulas ative, we can induce the relative displacement with time
history seen asquatiorf5.4) O

7:—;L‘|f:&dééygoi@&:@819;@i (5.4)
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Typical tensionrecording from the pressure bar (test at 34m/s) is plotted in
Figure 5.3. The piercing force as well as piercing displacement can be calculated from
Eqation (5.1) and (5.4).

Figure 5.3Typical time-tensionrecording from the pressure bar

Figure 5.4 depicts the piercing forpeercing displacement curve obtainedain
test of34mnis.

Figure 5.4Displacemenpiercing forcecurvesunder impact loading
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5.2 Numerical simulation of piercing tests using the a
multi -layered elastic plastic rate sensitive constitutive

model

5.2.1 Numerical model for piercing test

Numericd model of the impact piercing test is very similar as the gstasic
case presented in the chapteie specimen/platmeshing details are the sange.
node linear brick elements with reduced integration and hourglass control (C3D8R)

areused to fornfive layersof 1mm thick target plate (Figure 5.5).

Figure 5.5Simulation model under impact loadie) and Mesh configuration of the specimen (b)

The indenter is modelely a rigid cylindrical rod with bmisphericahead. A
predefined velocity of 34 misas applied on the specimeéurfaceto-surface contact
with penalty contact method is employéddhe friction coefficientbetween specimen
and the indenter is set to 0, which is corresponding to the real teststid&riericant

is appliedbetween thspecimen and theemisphericahead.

5.2.2 Rate sensitivity of the multi -layered elastic plastic

constitutive model

The rate sensitivity of thEMAT treated ASI304 austeniticstainless steel sheet
has been experimentally investigated in the chapter 2 irsjpigne double shear tests.
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Quasi static and impact strestsain curves are available for SMAT treatt51304
austeniticstainless steedheet without any removal process as the estasic tensile
tests. Thus, there is only an overall rate sengjtiBesides, these shear tests do not
contain any information on the fracture feature.

Because of this lack of experimental data, following hypothesis are assumed:

(1) The elastic plastic behavior of each layer has the same rate sensitivity.

(2) The damge starting point and its evolution under impact loading can be
described with the same model. However, it might have different parameters.

Under these assumptionate sensitivity of the elastglastic damageable model
can be built. First of all, the daage starting point as well as its evolution parameters
remains the same as quagatic ones for each layer.

The hardening behavior is also supposed to be the same astqtiasnes;only
the yield stress varies with strain rate. It corresponds toexiperimental results
recalled in figure 5.6.

Figure5.6 Comparison of the equivalent stress and equivalent strain understptacsand

dynamic loading

The constitutive model used under impact situation is listed in table 5.1.
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Table 5.1nput parareters of the layers in Abaqusder impact loading

Components Top layer Transition layer Core layer
Q %ol 7; 8000 8000 8000
i f; 200 200 200
3RLVVRQHKV 0.3 0.3 0.3
A 1907.9 1570.8 1130.5
B 1736.2 3220.1 2317.5
Ya00ceao 0.26 0.29 0.18
€avoevonuci 0.66 0.66 0.66
Displacement at failure 0.2 0.6 0.6
Softenng exponent 8 1 8

5.2.3 Numerical results

Figure 5.7 depictsthe equivalent stress map at different loading timesha)
indenterjust contacthe specimerand thestress is zerd) theindenterheadcontacts
the plateand thestresss startingandexpanding inradialdirection c) the contact part
of the indenter and the plate starts to damayethe overall failure happens orthe

specimerandtheplate finally losesarrying capacity
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Figure 57 Stress contours of different times

5.2.4 Comparis ons experiment -simulation

Figure 5.8 depicts the piercing foredisplacement curve compared to the
experimental measurement. It can be seen that at the early stage, a good agreement is
obtained. It means that the testing condition at this stage is we#letbdnd elastic
plastic part of constitutive model is rather good. However, the numerical model

overestimates the peak force amlerestimates the final failure displacement.

Figure 58 Comparisons of numerical results and experimental results undsirstgtic loading
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Figure5.9 depicts the equivalent stress map at the point of final failure compared
with experimental posmnortem observation. It seems that the damaged range

corresponds to the observed fracture locations.

Figure5.9 Comparison ohumerical and experimental fracture morphologghatamicloading

5.3 Prospective numerical study on FGM design

As already mentioned in the introduction, SMAT treatment can be easily
modulated by the treating intensity and duration. A higher treatingsitemight
lead to a harder top layer while a longer treatment will induce a thicker SMAT layer.
Therefore, the property gradient can be easily modified. Besides, one side SMAT
treatment can be made instead of two side treatments. It will lead to a moalbton
decreasing gradient profile instead ofdm profile. Finally, one can even fabricate a
gradient profile with a repeated pattern by cold rolling of a stack of SMAT treated
sheets.

It is therefore possible to fabricate a FGM sheet with optimizedytadient
profile for a given application. Taking the aptercing performance as an example,
we can easily simulate the piercing test using various gradient profiles. The simulated
results will provide a guide of the more efficient gradient type.

A prospective study ondifferent gradient profile is performed under the
condition of the constant average strength of a 1mm thick plate.

The simplest variation from theactually studied SMAT treated A1304
austeniticstainless steel sheet is to keep the layleickness but the yield stress of

each layer.

83



Chapter 5 Antiperforation performareof SMAT treated AlSI austergtstainless steel sheet under impact
loading and FGM design

Two fictive models are made. One has a sharper yield stress variation than the
real case and another has a less sharp gradient pi©fileourse,the weighted
average strength of these two fictive model&apt the same as the real cabe
designed constitutive relations for each graded layer are shawgure5.15(a), (b)
and(c).

Figure5.15 Real gradient(a), Increased gradient(b) and Decreased gradient(c)

Piercing simulations are made for theseotgradient profiles using the same
numerical model built above with only a gradient profile change. The strain energy
time history is plotted ifigure 5.16.1t can be seethatgreaterstrain energys found

for a sharper gradient profile.

Figure5.16 Comparisons of the numerical results of thrases

5.4 Summary

84



Chapter 5 Antiperforation performareof SMAT treated AlSI austergtstainless steel sheet under impact
loading and FGM design

In order to evaluate the asgiercing performance of SMAT treated 81304
austeniticstainless steel sheet, impact pierciagtson target platesvere performed
using a 16mm diameter Hoplsion pressure bar.

Quasi static and impact double shear testing regpuisentedn Chapter 2 is
used to build the rate sensitive muityers elastiglastic damageable constitutive
model for the SMAT treated 181304 austenitic stainless steel sheet.uiderical
simulation of the impact piercinggstsis realizedusing ABAQUS/Explicit. A good
agreemenbetween simulated result and experiments is found. It implies that not only
the proposed constitutive model but also thenericalmodel of piercing test ar
efficient.

Finally, a prospective study of the effect of gradient profiles is carried out on the
basis of the numerical model.
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Chapter 6 Conclusions and perspectives

&KDSWHU &RQFOXVLRQV DQG SHU\

The presented works in this Phadssertationaimed at the coprehensive
understanohg and the constitutive modeling of the mechanical behavimi of the
SMAT treated AISI304stainless steel sheet under a large range of loading rates.
SMAT treated AISI304stainless steel sheets are mldgiered functionally graded
materials (FGM). The main research results and conclusionsuanenarizedas
followed:

(1) The overall rate switivity SMAT treated AISI304stainless steel sheet is
characterized by the double shearing tests under-qta#& and dynamic loading
where alarge strain can be achieved without geometry instability. Impact double
shear test are performed with a large diameter Hopkinson bar system and an adapted
equatimpedanceclamping device Significant rate sensitivity (about 70% strength
enhancement) isotind. It is also observed that such a rate enhancement does not
induce an important reduction of the ductility.

(2) In order to extract accurate material information from the double shear tests,
their testing conditions ardhoroughly analyzed using numieal simulation
Numerical modd including clamping device have beenbuilt to investigate the
influence of this clamping device at the early stage of loading. A limited effaxt w
found for various imperfect testing conditions such as the clampingedstiffness,
northomogeneous stress and strain fields,-eguilibrium state, etc. On trentrary
numerical and analytical study shows that the simple small strain assumptioy usuall
used in double shear tessnot accurate engin. Eulerian cumulatedtraindefinition
should be used to get consistent numerical results. From this findirexpgégmental
rate sensitivity obtairte for the SMAT treated AISI304tainless steel sheet are
recalculated.

(3) A multi-layers elastic plastic damageable constie model is proposkto
model SMAT treated AISI304tainless steel sheet. The parameters are identified
using tensile testing results. The elastic plasgicavioris curved fitted with a simple
Ludwig hardening model. However, the dampgeametershould be identified using
an inverse method on the basis of numerical simulation of these tensile tests. In order
to validate this multlayer elastic plastic damageable constitutive model,
indentatiorpiercing tess on SMAT treated AISI304 stainless steelsheet are
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Chapter 6 Conclusions and perspectives

performed.Numerical simulation of thisndentatiorpiercingtess is alsorealized It
is found thatthe identified multilayer elastic plastic damageable constitutive model
allowsa quite accurate prediction of the experimental piercisig.te

(4) In order to evaluate the impact apiercing capaty of the SMAT treated
AISI304 stainless steel sheet, the impact perforation tests using Hopkinson bar are
carried out. Numerical simulation of these impact perforation testealizedwith a
similar FEM model as the quastatic case. As the rate seivity of SMAT treated
AISI304 stainless steel sheet is experimentaltaracterized with double shear fest
rate sensitive muHiayer elastic plastic damageable constitutive model is intredl.

The numerical resultegree well with the experimental ones, whicldicate the
effectiveness of the numerical model as well asréite sensitive muHiayer elastic
plastic damageable constitutive madel

The presented Ph.D work illustrates theguoi$ity to characterize antb model
SMAT treated AlSI304stainless steel sheet, which is a easily adaptable functionally
graded material. The identified rate sensitive rdalfer elastic plastic damageable
constitutive model can be used to predict masi structurakesponsesinder quasi
static and dynamic loading. Even though the testogfiguratiors as well as
constitutive models are not perfect and can surely be improved in the future, but the
actual proposethodels providelready reasonable pretive simulations.

The methodology proposed in this work can be easily applied for other FGM
materials. Itdoesgive a new perspectivie make numerical graded materials and to
possibly fabricate a FGM sheet with an optimized gradient profile for a given
application. Taking the anpiercing performance as an example, various gradient
profiles are tested virtually for the piercing tests. Offering a guide of the more
efficient gradient type is already possible
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