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MALZEMELER N YUKSEK DEFORMASYON HZLAR NDAK DAVRAN SLAR

OzZET

Bu c¢dismann amaci, nmAdzenmdeain yiksek sekil dedd m hidaindak
davrandainn noddlenmesi ign br netodd gji dusturd masi ve dde edlen bu
davran g nmoddirin bdigik bir penetrasyon noddi Uzeri nde uygu anmasi dr.

Blindg gh, mdzenmderin davrand ai, uygdanan def o masyonun hizina badi
d aak ded gr. Katiyakuvvetinuygd and § zaman a kainndengeye U astig zaman
arasindaki sire kisa isg deformasyon staik kabd edleblir. Yan Kkuvvet
uygd and ktan, denge dusuncaya kadar gecen direde kati her‘ t’ an nda dengede
kabu edlir. Faka, defor masyon hiz ylksekse dusan geril me ayn anda bt Un
parcada hi ssedlemez. Kainnhr bd Gmi def or masyona ugrarken, baska bir bd G
geril meyi heniz hisseemez. Bu durunda dusan dnanmk defo masyon, parcada
ddgd a hdinde yayllir. Budra geril e dd gdari denir. Hastik pastik ve sok
dd gd a1 d mak Uzere G¢tip geril me dd gasi vardr. Hastik dd gateorid, 6zdliHehir
boyulu dastik ddga yayilim konusu, ddukca iyi ar asll mstir. Faka (dastik
ddgda, nmdzend erin sekil de§ § mhiz gegcnisine bag nilig ndan dd ayi odukga
glc noddl enebil mektedr. Sok dd gd a1 buted nkonusuignde yer d mamakt adr.

Sekil de§ g mhiz, krigd kaf esteki def or masyon mekan zmd arin da etklenekt edr.
DislUk sekil dedg m hidainda ve yilksek sicadilada uzun ardili engdle
baskindr. Bu engdle 1sil aktivasyonl a asilamad g ndan, 1sil-d mayan akti vasyon
mekan zmasl bu ardikak def o masyondan sorum udur. Bu ardikta ak ma geril mesi
sicakik ve sekil deg d m hzndan bad nsizdr. Yuksek sekil de§ § mhid arinda ve
daha dlsuk sicadiK arda, kisaadili engdl e 6n p ana ¢l kar ve d d okasyor ar 1l
aktivasyonl a bu nekanizmd an gecebiline. Bu ardika akma gerli nes sicakik ve
sekil deg § mhiandan etk erir. Daha yiiksek sekil de§ s mhi 24 arinda (<3500 s ),
“‘honon”’lanin ve dekiron anin ddokasyodala dan etkileg neri def or masyonu
etlkiler. Buna'‘phonon siril ennesi ’ ad veril nektedr. Bu ardikta akma geril mesi
sekil deg g mhayalineer ve d dukgafad a ir atis gost er mekt edr.

D dokasyon dnamd yad myg uygdanan kuvvet karsisinda malzenmenn
gosterdd dawans matentiksd daak noddleneblirr. Bu noddlere bunye
denk enheri denir. Bu sekil de d de edlen blnye derl enheri nefiz ksd -taban 1 bunye
denk enheri ad verilir. Zerilli- A nstrong noddi bu tip br def or masyon noddidr.
D ger tip binye dend em eri anpirik blinye denk enheridr. Bu tip denk enherin
g kanhhmnda ddek veriin br denk eme uydurd masi amagtir. Johnson- Cook
moddi butipe br & nektir.

Mal zemd eri yuksek defor masyon hidarindatest eé nekign bir gcok metod vardr.
Fakat, bu metod atn hi¢ biri henlz standart hd e gd memsgtir. Dgerleririnid nde
“‘gdit Hopki nson pressure bar (SHPB)’ deneyi Uzerinde en ¢ok ¢cdigl ms dandr.
Bu deneyde numune iki uzun gubugun arasina sikgirlir. Br gaz tabancasiyl a
aedenen vurucu bir gubuk, gris gubuguna garptiniarak gris dd gasl yaratilir. Bu
dastik gris dd gasi gris¢ubugu boyunca yayilir ve nununeye gdd gnde bir kism
yansir bir kism ilelemeye devem eder. Bu ddgda gris ve ¢ikis gubuk arina
yerl egtirilen stran gagéle yard myla d ¢l elilir. Burada d kka edl nesi gereken
nokt 3 sadece nunmunenn p astik sekil ded § mne ugrad gdr. Bu dc¢lenverilerile
mal zeren n geril me-birim sekil deg § m d yagram € de edl elilir. SHPB deneyi t ek
boyulu dastik dd ga yaylli m Gzerine kurd mugtur. Deney sirasinda bu durum



sad anndidr. Ayrica nunune unifam deformasyon sadanmasi iknd Lr
zorun U ukt ur.

Cadisnmada netdleign gereki varsay nha vetasarl mkriterl ei géz 6nine di1nar ak
, dr SHPB deney stand tasari m yapil mgtir. Sonra bir SHPB ¢i ki1 s ndan geril ne-
biri mgekil de§ g mh dyagramnin nasil d de edld§ gost eril mgtir. Cesitli sicakik ve
sekil deg mhidainda € de edlen verile (bu veriler bir nmakd eden dinmstir)
lineer-d mayan regresyon andiz kulanlaak Johnson- Cook noddine uydurd nus
ve sahitle dde edl mstir. Ogilen ve Johnson-Cook noddiye bdirlenen aknma
geril md eri d dukga yaki n sonud ar ver mgtir.

i



DYNAM CAL BEHAM OR OF MATER ALS UNDER H GH STRA N RATE

SUMMARY

The da mof tHsthessisto search a methoddogy to nodd the high-stranrae
response of netdlic meteridsand apdicaion d the oltd ned nodd i na case study,
name y bdlidic penetrdion prodem

Itisknowntha, whentherae of def or nmationi ncreasesthe behavia of materidsis
changed cons derad y. Ift heti me bet weent he apdiedl oad andt he equilitrati on of
the sdidisrd daivdy short, thenthe def or neti on can be cons dered as quas -gdic
anditisknownthat t he sdidisinequlilriumat everyti me stept duri ng def or reti on
However whentherae o def o netioni ncreasest he whd e body canna senset he
stress a the sanmeti ne. Whil e one porti onf dtt he stress, anat her portionis still i nits
intid equlilium Dynamc defor netioninthe sdid propaga es as a wave. These
waves are cdled stress waves. There arethree types of stress waves, nangy
dagtic fastic and shock waves. The theory of d astic waves is wel underst ood
(paticd aly one-d nmensiond dastic wave propagation), however the theory of
p astic wave propagationisrdaivdy dfficdt to construc¢ a nodd and understand
fulydueto drdanrae Hstay dependence d thematerids

The def or meti on mechani snsinthel atice d so depend on stranrae Atlowstran
raes andrd aivdy hightenperda ueslongrange barriers beconei nportarnt, s nce
these barriers canit be overcome by thermd acivaion The ather nd activaion
mechansns areresponsdeinthsrange and the flow stress i s i ndependent o
siranradeandtenperaure A highstranraes andl ower tenpera ues short-range
barriers are the domnant barries Inths case ddocaion can overcone this
barriers and the flow stress is dependent on stranrde and tenperaure due to
ther mdl activaion A hgher stranraes(i.e higher t han 3500 s %), thei rier acti on of
phonons and decdrons wth ddocaions affedsthe defa nation whichis cdled
phonon drag Inthisrange dranetic andlinear increase o theflowstress wththe
siranraeis observed

Wththe hd p of ddocaion dynanics, the behavior of et erid s under appiedl oads
can be nodded nmetheneticdly and they are generdly cdled as constituive
equations. Ths type o constitiive equations is known as physcdly-based
constit i ve equati ons. Zerilli- A nstrong mode can be a good exanp efor th stype
o condtituive equations. Qher type of the constituive equations is enpiricd
congtituive equations. The devdopnment o this type of constituive equati ons
depends onfittingthe datatothe met erid behav ar. Agood exanpl e of thstypeis
Johnson Cook nodd.

There are severd nechancd testing method appdicade & hghraes o strans.
None of them has been standardzed yet. Among the others Sgit Hopki nson
Pressure Bar (SHPB) isthe nost stud ed and devd oped one. In SHPB test the
sped nenis sandw ched bet weento pressure bars Theind dent waveis gener & ed
by a propdl ed striker bar wth a gas gun. \Whenthe striker bar hitsthe sped nen an
d agticind dent wave propagat est hrought he bar. Whenthe wave meets speci nen,
one partisrdleded andt he a heristransmtted The nmagntude of transmtted and
refl ed ed waves can be measured by stran gages attached onthe bars. In SHPB
tesing only the sped nenis bdng def or ned plagicdly. By using the measured
properties of refleded and transnitted waves, the stress-stran dagram of the

Nii



mat erid can be ohtaned SHPB experi ment depends on one-d nensiond dastic
wave propagation So duringthetestthis dtuaion shou d be ensured Also unifa m
def or retion o the spedmenis veryi nportart far oltdrningtrueresuts

A SHPB apparaus fao metds was designed ensuring assunptions and desi gn
criteia The construction of SHPBtest systemcoud nat beredized But usingthe
met hodd ogy i n deter mning stress-stran dagram from SHPB test and the data
whichis avalald einthe liteea ure Johnson- Cook def or rati on nodd was tested by
us ng nonlinear regression andyds A good agreement was found between the
measured and pred ded flowstresses d netdlicmaterids

XV



1 OBJECT VE

The ofjecive of ths studyisto design a nethodd ogy to noded the behavi or of

mat eri d s under hi gh defor metionrat es and apgicaion of thsdaa Bd owthe steps

toreachthe god s can be seen

e Design d an experi nent totest neterids a highraes d drdan

e (tandress srandagrama aspedfictenperaue and sranrae

e (td nthe constituive def or meti on nodd fa the neterid testing

e Nunericd sduion of a bdlidic penetrdion prodem using the obtd ned

constit Ui ve equati on



2 | NTRODUCTI ON DEFORMATI ON AND WAVES

The dynamic behaviar of nmeteridsis an area of study in many sd ertific fid ds.
Whenthe nmeterids are suljecedtorap dy chang ngl oads, t he behavi or can dffer
fromt hose under staic or quasi-gdic studions. Anillustrative exanpl e can bethe
behavi or of a sand bag, which was usudlyused a wars, on dffeaent stuaions. Soft,
free-flowng sandi s effective aga nst i npacts of a vd odty onthe order of 1500 nis.
On the ather hand, a simpl e krife can def eat the sand bag But, a sdid wood or
sted end osure if nat excessivdythick can easly be perfaaed by a bulet, where a
krife wou d never penetrae them In Fguwe 2 1 schemetic description of the

sdentificfiddstha are of i nportanceinthe study of dynanmc processes can be
seen

SCIENTIFIC DISCIPLINES

MATERIALS SCIENCE
SHOCK PHYSICS/CHEMISTRY
MECHANICS
COMBUSTION
APPLIED MATHEMATICS AND
LARGE SCALE COMPUTATION

PHYSICOCHEMICAL
UNDERSTANDING
AND MODELING

NOVEL
EXPERIMENTAL
TECHNIQUES

DYNAMIC
PROCESSES
IN
MATERIALS

MATHEMATICAL
ANALYSIS
COMPUTATIONAL
MODELING

ADVANCED
DIAGNOSTIC

METHODS AND

CHARACTERIZATIO!

APPLICATIONS

TRADITIONAL AND NOVEL ARMOR AND ANTI-ARMOR CONCEPTS
ADVANCED COMPUTATIONAL METHODS FOR DYNAMIC EVENTS
HIGH-STRENGTH, LIGHT-WEIGHT, IMPACT-RESISTANT MATERIALS
IMPACT CRATERING
HIGH-SPEED FABRICATION PROCESSES
NOVEL NDE METHODS

STUDY OF PLANETARY INTERIORS
PREDICTION OF EARTHQUAKE RESPONSE
CRASHWORTHINESS
SHIELDING FOR SPACE VEHICLES
EXPLOSIVE WELDING, FORMING, COMPACTION

Hgure 21 Schemmsticrepresentation of the contributing sciences (d sc dines) and prind pa
applications of dynanic processesin naterids

In dynamc evernts, inertia and i nner kinelics of nmaterids beconme an i nportant

fada. In dl apdicaions, the s np e equation rd aing the ki ngic energy wththe
vd oaty o a nassis d paranourt i nportance

E =—mv (21



The ki netic energy of a massincreases wththe square of its vd odty. The energy

ddivered by an oject d mass mto atarget can be expressed as
dE = Fdl (22

where dl isthelengh over whchthisface Fwll ad. Ths kingic energy is
transfarmedino danmage in prgedileandtar get.

Ancther concept, which is very i nportart, is tha the fundanentd dfference
between staic (o quasi-gaic) and dynamic defoanation In quas-gaic
def or mati on, & anyti me, staicequlibriumi s saisfied nandy, any pa rtint he body
has a summation of forces acting onit doseto zera \When the defamationis
appdied a avery highrae one portion of the bodyis stressed whil e ather porti on
has nat experiencedth sstress yet. | na her words, stress hastotravd throughthe
body. Sress andits assod @ed stran or def or netiontravd sin bod es at spedfied
vd odties (depends on mat erid properties which wll be detdledl aer). These are
cdled waves, dncethey have usudly wdl-estalished vd odties. Thus, dynanic
def or reti on ofteni nvd ves wave propagati on, wher eas quasi -4 ai c def ormati on can
be cond dered as a sequence of states of equililriumt hat can betreat ed byt he wdl-
known equations of mechanics of nmeterids (summation of farces equal to zerg
summation of nonents equd to zerg compatillity o strans constituive
rd aions)[ 1].

As asumup, inrigddynamcsitisassunedt ha, when afarceis apdiedto any one
part on a body, the resdtart stresses set evey other pdarnt in nuotion
ing art aneoud y, andt he farce can be cons dered as produd ngli near accd er &i on of
the whd e body. Inthetheory of d astidty, onthe a her hand, t he bodyi s cons dered
asinequlilrxiumunder the action of apdiedforces, andthe d astic def ormati ons ar e
assuned to have reached thar staic vd ues. These tred nents are suffidently
accuraefo prod ensinwhchtheti ne bet ween apdiedf orce andt he setting up of

equili i umi s short conpared wththe observati onti e

However, when dedingwththefarces, wh chare apdiedfo onlyveryshort peri ods
o time o are changng rapdy, the effed nmust be consderedinterms of the
propagation of stress waves. M ny, there arethreetypes of stress wavestha are
described bd ow[ 1, 7



21 Hastic Waves

211 Lattice dynanics

The apgicaion of an externd farceto a bodyis, by defirition a dynanic process.
However, whentherae o change of the appied facesislow one can cons derthe
process of def or neti on as a sequence o stepsi nwhi cht he body can be consi dered
instaic equlilrium as described above FHgue 2 2a shows howthe d stance
bet ween at ons changes uponthe appicaion o an externd farce For each stages
o def or nmetion shownin FHgures 2 2(b) and (¢), the body can be cons dered under
stdic equlilrium and the methods of nmecharics of neterids can be appiedto
deter minetheirnerndlyred ging stresses. Hence, a section nade a AA or BB will
yvid didenticd qresses.

OO0 00000
QOO0 00
OO0 00000 00
(a)
A B

OO0 00000 POO
Fi—» O 0I00O00 ODOO 4=F;
OO0POOOOPOO

(b)
A B
OOPOOOOPOO
Fo —» OO POOO0O0POO «—F,
OO POOOOPOO
(c)

Hgure 22 Quasi-static dastic defor meti on of as npl etwo-d nensiond aray o aoms (R>R).

However, theirnternd stresses are nd instartaneoud y transnitted from the f orce
apdicdionreg ontothe dfferent reg ons o the body. The stresses (and strans) are
transferedfromatomto aaomat a certdn spedfic vd odty. Fgure 2 3 shows the
appicaion of aface at arae dF/dt such tha the stresses (and attendarnt
strans) varyfromsectiont o section Whil e section BB has eff et edfromthe apgied
face a ti met, section AA has dready dfecedfromexternd face F
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FHgure 23 Dynanic dasticdefor mation of anidedized array of aons

A an atomstic levd, the wave can be defined as the success on o i npacts
bet ween ad acent aons. Each atom upon being accd eraedto a certan vd odty,

transnits dl d its nomentumtoits ne ghbors.

Indvidud aons osdllae continuoudy abou ther equlikrium position, and the
frequency o ths osdllaionis approx metdy 10™ osdllaions per second These
osdlldions, dthough three d nensiond, can be broken down dong three
d nmensions. Fgue 2 4shows anidedized array o aons. The equili kvi um position
is shown by the sdidlines, and the extrenme positions d ong the three axes are
shown by dashed lines. Thisfidd o study is cdled |atice dynanics and the
osdlldions are nat i ndependent, bu are coud edin waves cdled phonons. Thus
when the aaomisi npacted ontheldt, ths aom wll transmt thsi npact toits
ne ghbor onthe right.
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Hgure 24 Trans mssion of disturbancefromatomto aom

Al wave propagati on equati ons can be derived by assumngtha the materid is a
continuum( mass unfany d gribu edi n space), s ncethey are drec consequence
o Newons secondlaw. Neverthd ess, these atons are connected by interaonc
faces tha can be assuned as mnue spring connecting spheres (& ons).
Momentumistransferredfromsphereto sphereat araetha providesthe vd odty

o propagation d dgubances.

When the farce on thel &t is apdied there will be atimelaginvdvedinthe
transnissi on of th's push equd in averagetothe period of vibraion (10 s). The

aonsinthe nidde wll continue the process, transnittingthe d guwbancetothe



agomon the right. If the dstance between two atons is known, the order of
magnitude of vdodty can be derived For a sdid netd (iron) it can be taken
approx matdy 3 A(ar 3x10*° n). Thus,

V= % —3x10°x10" = 3x10°m/s

Thisisveryd osetothe vd odty o propagati on of an d astic wavei niron (3500 nis).
This s np ereason ng exd d nsthe phys cd sequence of nomentumtransfer a the
aomclevd. [1]

212 Thevdocty o the d astic wavein cylindricd bar

Figue 25 shows a striker bar i npacting along cylindicd bar a veodty V. A
conpresd ve stress wavei s producedi nthe bar that travd sfroml ettori git. A ti me
tthe fron o ths dsubanceis a& X. Srans and inertia dong the drection

transversetothe bar Oyisnedeced Frglycons der a section AB and A B at the

front of the wave at time t. The section AB is dstat X+ oXfromthe orign
App ying New ori' s second lawto AR B B we obta n

F=ma (23
oo o°u
Ao — +—X | | = ApoX
CR T EC I
o _ 0u 29
ox Lo

C*Sfriker bar

Sx

FH gure2 5 Propagati on of waveinbar produced byi npact of striker bar (a) priortoi npact and
(b dteri npact



S ncethe defor netionisd astic assuning Hooke lawto hd d

(o)
—=E (29
&

where gisthestran defined as Ou/OX. The ninus s gnis duetothe conpress ve

stran Thus,
o),
axlax) P
and
o’u E du
ot? :;8x2 =9

Thisisthe generd dfferentid equati onfor the wave. The ve odty of tHswaveinth s
dtuaionis gven by,

Co=.— (29

It shod d be natedtha an d astic dl & aiond wavein an unbounded nedumtravd s

a avdodtydightlyhigherthan C . For a metd wth v =0.3,ths wave ve odtyis

12C

0"

The propagati on of d astic wavesi ncylindricd barsisveryi nportant farthe andys s
o Hopki nson bar experiments. When a cylindicd bar i npacted wth a cylindicd
prgediled lengh L, arectangd a pu se of l eng h 2L propagati ngt hr ought he bar
is expected if the bar and prgedile are o the same neteid. Ths is shown
schematicdlyin Fguwe 2 6 Thei npact produces conpress ve waves propagati ng
a vdodties Ginoprgecileandtar get. Asthe conpress ve wavereachesthe end
of the prg edilg it reflects back Th's deter mnesthelengh of the puse A =2L.
The vd odty of theineface equd tothe partide vd odty, can be cdcuated from
the conservaion of monmentum equaion (nNMomentum priar to i npact equds

mo mentum after i npact):



Pri o toi npact: p, ALV

Aterinpadt: p,ALAU =2p ALU
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Fgure 26 Gfindricd prgectilei npacti ng cyli ndricd bar.

Thus,

U =

V
)
The stresses generaed by the i npact a& a vdodty V is gven by O'=pCUp;

substituingthe upper equation yidds

az%pCV (210

The expect ed pu se shapeisrectangu a, wthduration(a afixed part) of 2L/C.
Gages d aced ont he cylinder surface dl ows obtairingrdiald erecords of the stress
pu ses.[]]

213 Types of dastic waves

Dfferent types of dastic waves can propagaein sdids, dependng on howthe
moti on of the partides of the sdidisrdaedtothe drection o propagaion of the
waves thense ves and on the boundary condtions. The most comnon types of
d astic wavesinsdids ae

a) Longtudnd (oarirradiond) Waves: I nfiriteand sem-irfirite med a they are
dsoknown as* ‘dl @ a&iond ' waves. These waves corespondt ot he noti on of



the partid es back andforthd ongt he drecion of wave propagati on suchthat
the partide vd odty (U) is pardld tothe wave vd odty (U. If the waveis
conpress ve they have the sanme senseg ifitistensle they have opposite
senses. An exanple o alongtudnd dastic waveisillustraedin Hgure
2 7(a). Ths waveis produced by thei npact o a hammer onthel &t-hand
s de of thel ong cyli nder. Equation 2 9 g vesthe vd odty of the wave. Hgure
27 (b shows, schenuticdly, thei npact of a hammer on a sem-irfinte
body.

s [
i

l sl

(a)

Rayleigh wave

Shear wave Longitudinal

wave

(b)

H gure 2 7(a Hammer i npacti ng sl ender body; (b) hammer i nmpacti ng sem-irfirite body; notice
for mati on of | ongitud nd, shear, and Rayl & gh waves. | nteracti on of | ongtud nad wave wthfree-
surfacefor ns wave etsthat compri se head wave [ 1.

b) Dstationd (o shear) Waves: If the noti ons of the partid es conveyingt he
wave ar e per pend cu a tot he drection df the propagation of the waveitsdf,
then a d gationd wave occurs. Al longtud nd strdns (g1, g2 and g33) are
zero. Anexanpl e of dgortiond waveisillustraedinFgue2 8 When a bar
issujecedto atasond dgation the reg on bet ween the end andthe
danp wll store d astic energy. Uponrd ease of the d anp, a pu se wll trave
inthe bar, towardtheright. Thisis a dgational wave, andthe partideis

per pend cu a tothe wave propagation drection (U, is perpendcd a to U.
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FHgure 2.8 Wave and partide motioninrédease of torsiona energy; when clanpis rd eased,
partid e d spacenent (on cross-sectiond fdane) traved sa onglongtud nd axs[1.

¢) Surface Waves. Surface waves are and ogous to waves onthe surface of
wat er. Qg ectsfloaing onthe wat e act as markersfa the partid es of wet er
and nove ba h up and down and back and f orth, trad ng out dligicd paths
asthe wat er noves by. Thi stype of waveisrestridedtothereg on ad acent
tothe surface, and partid evd odty decreases veryrap dy(exponertidly) as
one noves away fromit. The partid es descri be elligticd trg ect aies. Surface
waves (cdled Rayl d gh wavesin sdids) are a particd a case o inefacid
waves when one of the materids has nediglde densty and d astic wave
vd odty.

d Inefadd (Sondey) Waves. When two sem-irfirte nmeda wth dfferent
properties arein contad, spedd wavesfa ma tharineaface

The surface waves arethe slowest of thethree waves; thefastest arelongtud nd
waves Hgure 2 9shows, i naschemstic manner, the anplitudes of thel ongtud nd,
shear, and Rayl @ gh wavesin hdf space. The shear wave undergoes a changein
partide notion sense, at a pant verticdly bd owthe |l oad apdicaionregonths
partide vd odty and, consequertly, the shear wave anpitude are zero The
hori zortd and verticd conponents of t he partide notions as afunction of d stance
fromt he surf acei nt he Rayl @ gh wave are d so shown. The exponertid decay of t he

horizortd conponent, ontheright sde is dearly seen Asothe waves decay at
dfferent raes.

10



Vertical Rayleigh

Component Wave
Horizontal
-2 r-2 ,-0.5 Component
-+ - —> —

+

Rayleigh
i Wave

Shear
.8 Wave 7

.

Compression

Relative
Amplitude

Window ]

Wave type | Percentage of
total energy

Rayleigh 67
Shear 26
Compression T

Hgure 2.9 O stribution of disgacenment and energy in dilaaiond, shear, and surface waves

froma har noni ¢ nor mel | oad on a hdf-space of U =0 25[1].

22 Hastic Waves

Whenthe stressin a ductile mat erid exceeds the d asticli nit, d astic defa netion
setsin This occurs bothin quasi-gaic and dynanic defor netion If a puseis
transmittedto a met eri d that has an anplitude exceed ngthe d agti cli nit, tHs pu se
wll deconposeirnoan dastic and p astic wave. There are maiHythree d asses of
p astic waves, whch are as fdlows;

a) Radtic waves in Rods, Wres, and Bars. The dasscd exanpe of ths
stuaionisthei npact o along d asticrod aga nst arigdtarget. Ifthel aerd
dnensons o the rod (daneter) is sndl, a stae o unadid stressis
estadished The study of thstype of dastic waveis carried out in ths
chapt er.

b) H astic wavesin Seni-irfinite Bod es. Whenthel aterd stra ns(perpend cuar
tothe dredion o propagation o the stressfornt) arezero astaeof unaxd
stranis estallished andt heresuting d astic wave has a very sharpfront: it
istherefare cdl ed a shock wave

¢) Radtic Shear Waves: Tordond wavesinbars or shear wavesi nseni-irfinte
bodes can if thdar anpitude is sufidently high generae dastic
def or neti on

11



7,y IS SERES

(c) s Ed) o bt

FHgure 210 Sress-Sran curves for ductile materids: (a) hilinear e astop astic, (b) power | aw
wor k har deni ng; (c) stra nratedependent flowstress; (d) stra nrate hi story dependence of fl ow

stress.

Mat eri d streng his stran and stra nra e dependert, as exenplified by Fgure 2 10.
For netds, the stress-stra ncurveis dtenrepresent ed by a bilinear function[ H gure
2 10(a)] wherethefirg stageis d astic andt he second stageis p astic The stress-

strancuvein nmany netd s approaches nore d osdy a power function d the type
o=0,+ksg" (211)

wher et he stra n harden ng exponent n<1[F gwe 2 10(b)] The stra ndependence of
the flow stress is schematicdly illusraedin Figwe 2 10(c): If the stranraeis
changed duri ngt het est, thefl owstressis accordngy changed Th s dependence of

flowstress on sdrdanrdaeis dtenrepresened by
c=0,+ke"'& (212

where misthe stranrae sengtivity and usudly vari es bet ween zero and unityfor
metds An addtiond factar tha often has a naicealde effedt isthe stranrae
hsay Fgue 2 10(d) shows howths effect can changethe mechan cal response

o amateid. Ifthestranraed a mteidischangedfrom &to & a astrdn &,

12



theflowstress changes from o, too,. However, if the stranrae change occurred

ealie, & astrand &,,the work hardenngrae o the materid cod d have been
modfied by the higher stranrae Intha case the nmaterid wod d exhibit aflow

stress o,a a stran gand stranrae &. Fgue 210(d shows howthe work

hardering a the stran rae &is higher than a the stranrae &. If it werethe

sang, it wod dfdlowthe dashedline Thetreament o dastic wavesincreasesin

conp exity as dranraeand stranrae higay dfects aeinco poraed

The equationsf or t he propagati on of a p astic wavein a wre wh ch has derived by

Kar man and Duwez [ 3, leadt o an equati onfor t he vd odty o t he d asti ¢ wave equd

V, = do/d¢ 219
\/ 0

where do/deisthe s ope of the pasticregon o the stress-drdan curve V, is

to

constant only a a fixed stran . Conmparing wth the dastic wave propagéati on

ve odty equation itis dearly seentha do/dgis Einthe dasticregon 9nce
thsdopeishgherinthe dagicthaninthe d astic reg on

(daj [daj
— | >|— (214)
de ), \dg )/,

Thus, the vd odty d dastic wavesislower thanthe vd odty o d astic waves.[ 1, 4

2 3 Shock Waves

As mentioned above shock waves are kind of dastic waves, where the stran
perpend cd a tothe appied! oad can be ned ected whilei npacting a rod onto a
senm-irfirite body. To obtanths knd of wave front higher vd odties shod d be
ensuwed Sncethsisnotasujecinthisthess reader canreerto[1-6 fafuther

know edge.

13



3 PLASTI C DEFORMATION AT H GH STRAI N RATES

H ghstranrae(d astic def or mati on of et d sis acomnon phenonenon. Frgly,itis
invd vedi n many met d-for nnng processes, such as mach nng, drawng andfa g ng
etc Typcd machining processes areturing dilling and nilling Secondy high
stranrae defoanmetionis dso seeninthe crash acadents o notor vehdes,
ardanes, and space vehdes. Thrdy, high stranrae defamation o metdsis
assod a ed wth many aspects of battl €idds. Th sapgdicdioni nd udes penetrati on of
tage's shaped charges and fragment &i on o warheads.

Hghstranrae g astic def or netioni s d ways acconmpan ed wthtenperaurerise o
the defornmed body, where as a constant tenperaue meirtaned in staic
defornetion Theincrement of tenperadaueinthe defaned nmateid fa a gven
stra ndepends onitsther md and phys cd properties, such as density, hea capadty
and ther nd conductivity. WWhen the defor mation ti me is much shorter than the
ther mdl rd axaion ths def or neti on can be consdered as ad abatic Q her comnon
feauwes of highstranrae def o mation arethe fa netion of def or netiont wns and
shear | ocdizaion Twring and ad abatic shear locdizaionis naa indudedinths

thes s

3 1 Osdocaion Dynanics

A asti cfl owof fUly dense sdids can be cons dered as a ki neti c processin whi cht he
devaaic parts o the stress fidd drive ddocaions and o her defects (e g
vacand es)to nove These defectsarecdledthecarries o defor metion Sranrdae

thus refledsthe flux of the def or metion carriers, esped dlytheflux of d slocaions.
[1

In redity, dfficdties exit in connecting indivdud ddocaion behavar wth
macr oscop ¢ def or meti on, because of cdledive novenment o nohile dd ocaions
andi rt eracdtions anongthese d d ocations. However there still exit some d uesfrom
macr oscop ¢ defor nmation to exd arethe function of d docdions. The stress-stran

rd aions are one o those d ues and wll be d scussed bd ow

14



311 The effect of stranrae on stress-stra n curves

Ingenerd, the stressis afunction of stran stranrdae thetenperaue, andthe
strudure of naterid. Inorder toillustraethe stranrae effect in a wderange of
stranraes, Canpbdl and Ferguson|[1] introduced fowr def or nmetion processesin
tenperawe and stranrae spectrum (i) aher md, (ii) ther ndly activaed (iii)
twnring and (i) viscous drag FHgure 3 1 shows the rd aionsh p bet ween | ower
yidd stress and shear stranraefa 012 %C sted; showninthefigure are (i)
a her md, (ii) ther mdly activaed and (iv) M scous dag (a ddocaion damg ng).

400
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04102 102107 1 10! 102 103 10% 105 108
SHEAR STRAIN RATE, s~

FHgure 3.1 The rd aion between | ower yidd stress and shear stranrate of 0.12%C sted; ()
at her mal, (1) ther mally activat ed, and (I\) di g ocati on dampi ng process at stranrates > 5000/s

(3.

A'so bath BCC and FCC netd s exh lit a stressincrease wththeincrease of stran
rae[8 9. However BCC metd s usudly exh bt stronger tenpera e and stranrae
dependence o flowstressthan FCC metds This behaviaris atribuedtotherae
contrdling mechansma thether mdl conponent o thefl owstress [ 7.

Hgue 3 2presertstheres ganceto d d ocation moti on as afunction of d d ocati on
vd odty. There exs dffeent reg mes of ddocaion notion corespondng to
dfferent stranraes. Thesered mes are a her md, ther ndly activat ed viscous drag
andrd d@ivdic efeds Inthe aher md zonetheflowstressisinsendtiveto stran
raeand p asticflowi s na ther mely activat ed It mai rlytakes g aceinthel owstran
raes and hghtenperaurezone, anditis duetolong-range barrierstha arerd aed
to gan boundari es, preciptaes, and second phase partid es.

15
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Hgure 32 Threereg nes of di d ocati onresponse [1].

Inthe ther nelly activaed reg ne, ther md activation energyisrequred to ass &
d d ocdions overconing the short-range barries, such as Pe erls- Nabarro stress
barries, ineradion of forest ddocaions, cross-dip and dinb of ddocaions. In
BCC netds overcoming of Pd els Nabarro stressis dominant factar. In FCC
metd s, however, farest d d ocations ae nost i nportart barriers|[7.

A very high strdanraes, Ferguson e d [10 suggested tha \iscous drag on
ddocaionsistheraeconrdling mechansmandits effec increases rapdy wth
stranrae When ddocaion vd odty asynptaicdly approaches the shear- wave
vd odty o the net eri d, rd a&ivigic dfect then has to betakenin o accourt.

It has been suggestedtha the p agtidty of BCC metdsis corntrdled by the screw
ddocaion nohlity [7,8. The nohlity o a ddocaion can be contrdled by
ineaactions wth many types of defects e g, aher ddocaions, i npurities, sd ue
aons, predptaes pdnt defecs ec However, the struc ure of the d d ocati onitsdf
isan eveni nportart factar. Actudlythe Pe els barriein BCC metdsis criticdly
dependent on the charade o the ddocaion Non-screw (edge and nixed)
ddocdaions have rd divdy low Pe els stresses. On the ather hand, the screw
d d ocdions behaverd aivdy sessilea |l owtenperawes anditis d soresponsid e

fa certdnasymmetriesinthe mechan cd behavior.

312 Generd descripion o the mechan cd response

The resuts preserted in Fgure 31 dlow a generd descrigion o the types of
response shown by many netds and dloys a dfferent strans andtenpera ures.
Regon | coresponds tolow stranraes and hghtenperauwes, wherethe flow
stressis essertidly constarnt andindependent of tenperauwe and stranrae The
cortrdling mechan smof fl owi sthel ong-range fridion stress due, for exanpl e to

the presence of large predptaes. Ther md vilbrationsinthelatice are unadeto
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ass g in overcomngthese barries. Ths' ‘aher nd ’ fridion stress i ncreases wth
increasng dloy cortent and predomnaes in hghy-dloyed nmaterids which in
consequence, appear less sendtivetodranrae.

A lower tenpera wres and hi gher stranraesthe short-range barrierstofl ow such
as d d ocaioni rteraction, beconerd aivdy norei nportart. Heret her md i br ai ons
can ass g inovercomng the barries and flow becones sensitivetotempera ue
and stranrae

On the ot her handthe mechan cd responses described above dffe fa FCC BCC
and o her types of nmetds. More detalsonthe aher md reg ne are presentedinthe
redewartide by Hard ng[ 11]. But thereis generd agreenent tha in Regonll,i.e
fa strans upto ~5000/s, ther nd activaionistherae contrdling mechanism A
siranraes above ths however, a changein contrdling mechan smis generdly
thought to occur. If the datain RegonlV of Figwe 3.1 are ddted as shownin
Fgure 3 3 anapprox netdylinear dependence o flowstress dredlyon stranrae
raher than onthe d gorithmof stranrae is observed (i ndyingtha flowv at these
stranraesisviscousinnaue). Itis usud, theeefare to assod aethe changein
mechan cd response a stranraes above ~5000 /s wth a change fromt her nd

acti vationto phonon drag astherae contrdling mechan sm[ 1(.
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Hgure 33 Sranrdae sensitivityin nmildsted & very high stranrates[1.
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On the ather hand Lindhd m[12 has suggested tha in dumnumthereis a
trangtionto a second ther mdly activaed mechan sm whilefa copper hisresuts
cou d berepreserted wthou any drameticincreaseinstranrae sendtivity upto a
stranrae approaching 10° /s. In cortrast, Fdlansbee [11, 13], dso working on
copper and usi ng Spit Hopki nson Pressure Bar at the highest stranrates, found
dear evdence (Fgue 3 4a fa adranaticincreaseinstranrae sendtivity o the
flow stress a 15% strain over the stranrange from 10° to 3x10* /s. From an
andyds o thar resdtsinterns of ddocaion dynamcs they condudetha ony
upper end of ths stranrange does the ddocation ve odty approach the drag-
cortrdled li nit. Bd owthis resuts corespond to a transition zone between t he
reg ons wherether nd activation and ddocaiondrag arerae contrdling A even
hi gher stranraes, approaching 10’ /s, Huang and Qifton[11], have found d nost
an order o magritudei ncreasei nt he shear flowstress over tha 10°/s(Fgure 3. 4b),
fromwhi cht hey d so cond udedt hat above ~10* /s d d ocati on noti oni s gover ned by
theintringcresd sance o the d ear | dtice [ 14 15].
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Hgure 3 4 Sranrate sensitivityin copper at very highstranrates; (a) Compressiontests at
stra nrates approach ng 10°/s (b)yInclined-p aepressure sheartestsat stranrates upto 10/s
[17.
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A soit shod d be enphasizedtha whenthe strainraeincreases, the defa nation
process changes graduallyfromfulyisaher ndl tofuly ad abatic, becausethereis
na enoughti mef or the hea genera edi nt he def or n&ti ont o escape out o the body.
This gverise insome cases, to ad abatic shear i nst alilitiestha have a pr o ound
effed onthe mechan cd response of the nmat eri d. These ad abati c shear bands wll
na betreaedinthis sudy.

3.2 Ther melly Activated Dsl ocati on Moti on

A d docaion continuoudy encounters obstad es as it noves through the | atice
Some of these obstades are shown in Fguwe 3.5 These obstad es make the
movement of ddocaions nore dfficdt. Fgue 3.5 shows an array o obstad es:
sdue aons (ineditid and substituiond), vacandes, sndHl-ange gran
boundaries, vacancy dusters, indusons, predptaes, and so on Dd ocaions
thensd ves can oppose the movenent d dd ocations.

interstitial atom

small angle boundary

vacancy <

substitutionally interstitially edge dislocation
solved foreign

grain zone of

boundary foreign atoms phase

ol of boundary

vacancy

precipitation inclusion  micro crack

F gure 35 Dfferent types of defectsincrystdline naterids.
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Not shownin Fgure 35 arethe Pea erls-Nabarrofarces, whch are oppos ng the
movenment a the atomic levd. When a d docaion noves from one equilibrium
positiontothe next, it hasto overcome an energy barrier, tha is face hasto be
apdiedtoit. Fgue 3.6 shows the Pe els- Nabarro barrier. The stress requiredto

move the ddocaion withouw any o her addtiond extend hdpisthe Peels

Nabarro stress 7, . Position 2is an unstald e equili rium positi on
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Hgure 3.6 Peierls-Nabarroforce: (a8 movenent of did ocationfromone equilibriumpositionto
next; (b) applied stress vs. distance

The wavd eng h of these barriersis equd tothe period dty o thel atice Shownin
Hgue37isanaray of ddocaionsirnersectinga dipdane The d d ocationst hat
‘‘dand up’ andt hrough whi chthe novi ng d 4 ocation hasto nove are cdledf orest
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Hgure 37 Dd ocation cutting through a d d ocati on f orest.
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Thus a noving ddocaion encounters periodc barriegs o dfferent spad ng and
dfferent leng hs. Hgure 3 8 shows schensticdlysuch a barrier fidd Itisi nmportant
toenphas zet hei rfluence o thel ength of these barriers andthether md ener gy of
the latice the tenperaure and stran rae response of netds The snHle,
narrower barri s ar e cdled short-range obst ad es, andt hel arger, wder barriers are
cdledl ong-range obstades. There are nunerous trea nentsinthelitera uwe on how
these obstades areresponsdefa the tenperauwe and stranrae senstivity o
cystdline neterids

Short-range obstacle

Long-range
obstacle

STRESS OR FORCE

DISTANCE

F gure 38 Barriers encountered by a d d ocati on onits cour se.

Ther md energyincreasesthe anpitude of vibraion of aons. THsenergycan hd p
the d d ocationto overcome obstad es, as shown inFHgue 3.9 The barrieri s shown
a four tenperauwes To(=0), Ty, T, T3, (Tp <Ty <T, <T3). The ther mal energes

AG,,AG,, AG, have been shown by hatching Notetha the area under aforce-

dsance cuveis an energyterm The effect of ther mdl energyisto decreasethe
hegh o the barriag by successvdy increasing anounts as the temperaue
increases. Hgure 3. 9b) showsthe stressrequredto novethe d d ocati on past t hat
spedfic obstad e as a function of tenperaue The effective he ght o the barrier
decreases asthetenperauerises. The effed of ssranrae (o vd odty) iss nil a:
asthe stranraeisincreased thereislessti ne avalald eto overcone the barrier

andthether nd energy wll beless dfedive The dress evertudly becomes zero

FORCE
or
STRESS

DISTANCE, X

(b)

TEMPERATURE

FHgure 3.9 (@) Overcomng of barriers by ther mal energy; (b) stress required to overcome

obstad es as afunction of temperature
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It shod d be naticedtha (Fgure 3 8 there arelong-range obstad es that cant be
overcome by ther md energy; thus, one dassfies the obstad esirto short range
(ther mdly activated) and | ong range (nonthermally activa ed). Therefore the fl ow

stress d a naterid can be expressed as

o =0, (structure) + o * (T, &structure) (31

The term o is due to the ahermd barriers (long range) deter mned by the

strucuedthe materid. Theter m o *isduetothet her mdly activat ed barri es, t hat
is the barriestha can be overcone by ther md energy. The prind pd short-range
barrieristhe Pe erls- Nabarro stress, whichis veryi nportart fa BCC metds. The
Pe els Nabarro stressisd sotherae contrdling mechan smfor cerancs. For FCC
and HCP netds, ddocaionfoests arethe primary short-range barries at | ower
tenperawes. The dffeent nawe o these barrigsis extrendyi nportant andis
responsid eforthe mg or dfferencesinstranra esenstivity bet ween FCC and BCC
metd s Inceranics, the Pe erls- Nabarro stresses are so hi ght hat these barriers are
na overcome a roomt empera we The strongi onic and covd ert bonds as well as
thdr hi gh drectiondity(bond and esfixed by d ectroni cstruct ure) arerespons H ef o
these extrenmd y h gh Pei erl s- Nabarro stresses. Therefare theyfal by an dte naive
mechan sm(crack nud eation and ggcow h). But tHs caseis na indudedinth s g udy.

The proballity o an equilitriumflucuaionin energy grea e than a gven vd ue

AG isgven by saidicd mecharics andis equd tg

D —exp(— ﬁj a
8 = KT 22

where kis Bdtzmann s constarnt. The probakilitytha a d d ocaion wll overconme an
obstad e can be cond dered astheratio o the number of successfu junps over the
obstade dvided by the number of atenpts. We assune tha a ddocaion will
overconethe obstad eifit has an energy equd to or hi gher thant he energy barri e

ahead o it. Taking these vdues per unt ti me, we have frequendes. Thus the

frequency wth whichthe dd ocaion overcomes the obstade v, dvided by the

Vi briond frequency d the ddocaion v ,isequd to P,
v, =V AG (33
= - 3
U kT
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Kocks [1] dscuss the vibraiond frequency of didocaionsin detdl and cond ude
that itis ~10'* s*. One shoud naticetha thHsis 100ti nes|essthanthe v braiond

frequency of aons, L. ThisVibraiond frequency, U, isequdto KT/h, where Tis
the Debye tenperaue If the space bet ween obstadesis |, Kocks [ 1] esti nat ed

thelower bound d v, to be

D, —Ub (349
° Tyl

Thisisthe gound frequency o add ocation wthwavd engh 4l .

Itis conveniert to dvide theti ne Attaken by a ddocaionto nove a digance

Al bet ween t wo obstades irto a waiting ti me infrort o obstad es (t,) and a

runningti me bet ween obstad es (t,). Thus;
At=t +1, (35

The average waitingti me 1, is governed by the probatilitytha an obstade wll be
overcome by an adequatdylargether nd fluduaion o the free activaion energy

AG . FomEquation 33

t, =—exp—— (36

TIME

DISTANCE

FH gure 3. 10 O stributi on of runni ng and waiti ngti nesfor di s ocationat t wo stresslevel's o1 and

o (o <m).
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Hgure 3 10 shows the d gribuion of runn ng and waitingti nmes far d docéions a

twostresslevds, o, and o,;the watingti nes arel ower a the hi gher stressl evd,

0,,andthusthe neanvdodty D ishigher. InFAguwe3.10 t, >>1 . ThHsseensto

be the casein actudity and Equation 3 5 becones
At =t (37

After udng Equaions 36,37 andrearrange ments we oktdn

&
AG =ktIn— (39
&
ltisdealyseentha AG increases wth T (as shownin Fgue 39 and decreases

wthincreasng grdanrdae.

FLOW STRESS

% Birsae
| 468 e

T8 T8 To'®'  TEmPERATURE,

FHgure 311 Howstress as afunction of tenperaturefor different stranrates; ther mal and

at her mel conponents o stressind cat ed

Itis schenmaticdly ddted in Fgue 3 11, the conbined effeds o strainra e and
tenperawe on the flow stress of a metd obeying a rddionship of the type
described above Referringto Hgure 3.9 onecanseetha, & atenperaure Ts, the
activdion energy is sufidernt totadly overcome the short-range barrier. A ths

tenperaue theflowsress, gven by Equation 3.1 becomnes
o=0,+0* =0, (39

Thus, thet her md conponent o stress becones zera A 0 K onthe a her hand, the

activdion energyis zerg andtheflowstressis

oO=0;+0, (310
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where o isthe thermd conponernt o stress. In Fgue 3.11, the thermal and

a her mel conponerts o flowstress are merked At 0 K as well as above T, (which
isstranrae dependent), the flowstressis strainraeindependent. Between 0 K
and To,thet her md conponent o flowstressis g ven bythefao md aionbdow One

hasto cdcdae AG fromthe activation barrier. In Figuwe 3.9 it can be seenthat
AG isthe hached area ThHs areais equd to;

-
AG =AG, — [A(F)dF (3 11)
0

wher e AGoist he activaion energy a 0 Kandtheirtegrd i sthe non hat ched area

Here, A(F)isthe barrier wah The dfferencei st he effedive barri er. The shape of

the activaion barrier dctaes the shape of thether md portion of the curve The
a her ndl portion o theflowcurve has veryl owtenpera e dependence, equd to
tha o G (shear noduus). By appropriagde man pd d&ion of Equaion 3. .11, one

oltanstherd aionsh p bet ween stress and stranrae

KT In £ AG, — [A(F)dF (31)
& 0

Thi si st hef oundati onf or constit uive equati onst hat are based ont her ndlly ass sted

overcomng o obstad es [ 1, 16].

33 DO sdocaion Drag Mechanism

When a phononind dent a a d docdion has a shear stress conponent onthe dip
pane inthe dip drection then the phonon drives the ddocaionino forced

osdllaions. Becdrons ae dso scatered by dd ocati ons.
In generd term ddocation drag mechan smbeconmes i nportant whenthe stran
raeis hgher than 3000/s[17. A moving ddocdionineracts wth and scaters,

phonons and € ectrons. Ifitis na afeded by other obstad es, the vd odty o the

ddocaionis equd to
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As thetenpera ueincreases, the phonon densityrises. It has beenfoundthat the

drag coeffidert, B inareaseslinearly wthtenperauwe[7:

T

B = Be + Bp(ﬁj (319

where B isthe decron drag cogffidert, and B, i sthe phonon drag coeffidernt at
300 K There arethree approachesfar the neasurenent of B drect observaion of
d d ocation motion during a stress puse inend fricdion measurenent, and h gh-
stranraetensle a conpress ontest.

However, in high-srdnrae def o mation, such as shock | oad ng, it is found t hat
ddocdion generaionraeisthe contrdlingfactar inthe stranrae Fdlansbee
supported this ddocaion generaion theory with the apdicaion of mechan cd
threshd d stresstothe regon of draneticincrease of stranrae sengtivty. The
linear dependence of dynanicflowstress on appied stranrae was matched by a
s nil & linear dependence of nmechanicd threshdd stress on stranrae Therefore
when the mechanicd threshd d stress was used to define the constant structue
condtion instead of pdadgtic stran no dramatic increase in rae-sengtivity

characteigic o theregon was observed

Zexilli and Ar nstrong|[ 18] i rtroduced vi scous dr agi rt ot he Zerilli- A mstrong equati on
to nodd the g astic defor meti on o copper, and conparedthe pred dions wththe
experi mentd data from Regazzon [7. They conduded tha viscous dragis an
urlikdy mecharismfo the upurninflowstress a stranraes of 10° - 10° / s.
Instead, it is assodaed wth an enhanced accumu @&ion rae o d slocations.
Johnson and Tonks|[ 7] report edt he det ecti on of d d ocati on dr ag eff ectsin copper a
stranraes greaerthan 10°/ sec by shock waves of t he peak pressure of 3 and 5. 4
GPa. Ther resdts show tha ddocaion dragisi nportart oy a small dastic

strans and Hgh srdanrates.

331 Further topcsindd ocation drag mechanism

Infregonll o Fgue 3 12the vd odty o ddocaionsis proportiond tothe appied

stress. Itis wdl known that dd ocation notion causes atenpera ureincrease
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Fgure 312 Schenmticrepresentation o the stress-vd ocity behavi or of Nckd [1].

The cddrdling o a pece of N increasesitstemperaue substartidly. Itis dso
knownthat the energy storedinthe met erid ater def or mati on(as defects)isony a
smell portion of the energy spent to defar mit. The energy of the substructure
(reddud) is usudly oy 520% of the tad energy. So 90% of the energy is
dsd paed by forces oppos ng the appied stresses. They can be expressed as a
Vi scous behaviar of the sdid To afirg approx netion the sdidcan be assunedto
act as New orian viscous nmeterid vithrespect tothe dd ocaion Hence,

f =Bv (315

wher e B the vi scous dampi ng coeffid ent, i si ndependent of vfor a New onianflud
Under the appicdaion of acertdanexternd stress, t he d d ocati on wll accder a e urtil
it reaches a steady-stae vd odty. The farce on an edge d d ocaion novi ng under

the adion o ashear dress 7 is

F= (316)

where D isthe ddocaion Burgers vectar. With Equation 3. 16, equililyium wll be
reached when;

H=Bv (317

27



Wth &= (1/ M) pbv (fromd d océti on dynanics) and substituing 7 =0/2

_ 2BM
= pr
where Misthe oientationfacto (taken as 31 fa BCC crystds 275 foar FCC
cystds). Thus, theflowstress shoud d be proportiond tothe stranra eif d 9 ocati on

& (319

o)

drag nmechan sns are oper dive

The drag mechansns that are na ther mdly activaed aretheineraction o the
ddocaion wth thermd vilraions (phonon drag) and wth dectrons (dectron
Vi scodity); addtiondly, they d soi nd uderd axaion effedsinthe ddocaioncore A
phonon is an dadtic vibrdion propagating through the crystd. It is quartitized
because the |l dtice is dscrete and nat cortinuous. These mechansnms wll be
descri bed bri €1y bd ow

ePhonon M scosity. A changeinthe conpressve stress wll trigger anincreasein
the nodu us of rigdty. Thsincreasein modu usrd axes wthti ne, asthe phonons
approach equlilium In detal, it was parnted ou tha snce a dslocaion is
surrounded by a strd nfid d whi chchanges a agivenpad nt asthe d d ocaion noves
d ong, one shod d expedt a converson of ddocaion energytother md energy by
the sanme nechanisns tha danp noving sound waves, nandy, dectron and
phonon vi scosity.

ePhonon Scateing There are severd ways by which phonon-scattering
mechan sns can operate One of these is the scateing o phonons by the
ddocaion stranfiddina manner s nila totherefracion of light. Anather isthe
absorpion o energy from phonons by d d ocations, wth subsequent v brati ons by
d d ocdi ons.

eTher nod agtic Bfed: A nmoving d d ocation dtenaivdy strd ns ad acent reg onsin
tenson and conpresson these regons show tenperaue decreases and
increases, respectivdy. Anirreverdld e process o heat fl ow ensues, i ncreases t he
entropy, and ded eéesthe d d ocaion d sone d its energy.

eH ectron M scosity. The free d ectronsina netd wll afec the d d ocaion notionin
the sane way as phonon viscosity.

eAnhar ronic Rad aion A ddocaion when undergang postive or negative
accd erdion enits d astic waves. This corresponds to an outfl ow of energy. Thus,
the ddocaion dthough accd eraing bet ween t wo equili lrium positions, gve off

ener gy.
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¢ Gide Hane M scosty. There seensto be a certdnconsensus wthrespect tothe
rd aivei nportance of the vari ous drag mechan sms under vari ous condtions. They
are gven bd ow|[ 1:
Covdent bondng A low stress levds (< G100) the notionis thernmdly
activated (e g, overcoming of Peels stresses) and is stopped at low

tenperawes. However, stresses done, when high enough (>G 100), cause
moti on a | owt enper & ures.
loric bondng A low stress levds and high tenperauwe phonons are

responsi i efa the drag

Metds A high tenperauwes, phonons cause drag a |ow tenpera ures,
d edrons cause drag A high stresses, far bah metds and sdts, the viscosity
increases because o rdatividic éfeds.

Ganao[]] addstha, for materids na contaring an d edrorcdoud (covd ent and
ioric bond ng), drag by rad a@ionisthe mechansmoperaing a | owt enpera ures.
They dso comment ontheineradion between ddocaions and pant defeds if
these are noving d owy enough This bd ongs tothe group of ther ndly activa ed

mechan sms.

FomHAgue 313[19 it can be seentha the measurenents areinfar agreement

withthe sumd three d docation nechansns tha ae dscussed above.
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Hgure 3.13 Measured drag coeffident for | ead andt het hree conponents of di g ocati on drag
[19.
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4. CONSTI TUTI VE RELATI ONSH PS AT H GH STRA N RATES

The mat heeti cd faor mu ati on describi ngt he macroscop cresponse of a materid to
appiedf orcei s known as constituiverd aion o equation Inthe nost generd farm
a constituive equation rdaesthe stress o a materid tothe stran stranrae
tenperaue andloadng hstay experienced by the meterid. It is na possde
however, far asing erdaionsh ptoconp e dy descri bet he def or ati on behavi ar of
a meterid for dl conbi nati ons of | oad ng condtions and hi staies. Depending ont he
irntended use avalallity of experi mentd data and the desired accuracy of the
descrigion a deddon must be nmade astothe anount o effat to beinvested
Typ cdly, the effat requiredt o describethe meterid behav aris proportiond tothe
degree o accuracy wthwhi chthe governng physcd nechansns ae nodd ed

The aval allity of current h gh-speed conputers dlows for thei npgementaion of
more conplicaed physicdly based constituive rd aions ino codes for sdving
prodens invdving defornmetion of naterids a high strdnraes. The ablity to
accurady describe meterid behavi o far a wderange of | oad ng condtions andto
pred d the mechan cd response outsde of the measured condtionis growngin
demand Desptethis nost of the constituiverdationsi npgenmentedirnto conput er
codes describe only the effeds o stran harden ng and take sonme account o

ther md sdtening bu fewrd aions presertly account fa dranrae dfecs.

Three nost wddy used rd @ions tha do accourt far stranrae efects are the
Johnson- Cook, the Zerilli-A nstrong, and the mechanicd threshd d stress ( MTS)
congtituive rd a@ions. The Johnson Cook and the Zerilli A nstrong constituive
rddions arerd aivdy smpl e one d mensiond model sthat account for the effedts
o stran stranrdae andther md sdtening onflowstress and uilize a von Mses
yvid dcriteion They bat hdescribet he met eri d harden ng behavi o based ont he well

known power-l awfuncti onirntroduced by Ludwck Tha is
o=0,+Ke¢" (41

The Johnson Cook congtituive rdaionis an enpiricd rdaiontha is rdaivdy
sndeto cdiraefa a gven materid. Tha is very few stress-dran curves

covering the | oad ng condtions are required to deter mne the paraneters. It is
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rd aivdy easytoi ngementinoconputer codes, i nexpens veto use and produces
reasonald y accurate pred dionsfor arange of mat eridsifload ng condtions do nat

exceed those usedto deter mmnethe neterid paramet ers.

The Zerilli- A nstrong constituiverd aions are sem-enpiricd nodd s based onthe
concept of ddocaiondynancs. Separaerd aions were devd opedt o describet he
defor mation behaviar FCC and BCC materids A subsequent rdation was
irtroducedfa HCP materids which generdly exh it behav o bet weentha of BCC
and FCC materids Overdl, the Zerilli-A nstrong rd @iontend to gve a dlighly
better cord aion buissted rd aivdy easytoinpl enentinoconmputer codes and
inexpensveto use 3 mla tothe Johnson- Cook rd aion however, itis na very
accura e when used outs de of therange of | oad ng condtionst ha it was cdibra ed
fa, afa large srancdcd aions.

The MTSrddionis a more advanced and physicdly-based nodd tha rd aesthe
macroscop ¢ nmecharnical response of a naterid to microscop c properties. It
accountsfor the evd uion of sub-strua ures as a function o d asti c def ormati on and
load ng h g ay. It generallyis nor e accur & et han bat ht he Johnson- Cook and Zerilli-
A nstrongrd dions, and onceitiscdilraedfa a particda meterid it can be used
toaccurady pred a defor neti on out s det herange of cdibraionl oad ng condti ons.
Thi s has been attribu edt ot hefor musedtorepresert the work har deni ng behav or
inthe MTSrd a&ion Rather than use a power | awfa m whi chyidds a corti nuoud y
increas ng stressfarincreasesinstran afuncionissdecedtha ‘ ‘sauates’to a
maxi nrum stress levd fa increasng stran This concept was based on the
observaiontha a lage strans nost netdlic materidstendto approach afirite
“‘ssaurdionstress’, o approach a constart, but small hardeningraea | age strans.
However, it shou d be notedt ha thef o mof t he equati on usedt o descri bet he work
har deri ng behavi or i s nat stridly phys cdly-based and, therefare the MTSrd aion
is dso sem-enpricd. The main dsadvantages of the MISrddion are tha it
reguires an ext end ve experi mentd databasetodeter mmnethe materid paraneters,
itis more dfficdt toincorporaeino conputer codes and nore conpu aiondly

expensive[2(.

Anat her d asdficaion of constituiverd dionstha are usedin prod ensinvdving
pagic defor netion a high stranraes are unfied viscod asticrd a&ions. The main
d sadvantage of viscodasticrd aions aretha they are nore dfficdttoincorporae
irnocodes and requreiterative sd uions maki ng themconput aiondly expens ve
Consequently they have seen linted use in codes uilized for high stranrae
mat erid nodding and nat betreatedinths g udy.
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4.1 Johnson- Cook Constitutive Rd ati onshi p

The Johnson Cook congtituive rdaionis a one-d nmend ond, enypiricdly based
rd aiontha describesthe variaion o flowstress, &, wthresped to stran, stran

raeandtenperaue as,
&=(A+Bg")1+Ch&)L-T,") (42

where £ isthe effedive pastic stran & is a non-dmensiond, effedive dastic

stranrde and Thisafor maof hono ogoustenperauwe The parametes A B G m

nare et erid constarts obtd nedfromfitting experi mentd data and ar e defined as

fdl ows:

The non-d mensiond dranraeis defined as;
&=— (43

Where &%{is ardeencestranrae typcdlytakento be 1 s, andthe homd ogous

tenperaueis defined as,

" (Tmelt - Troom) o

where T is the absdute tenperauwe o the sped nmen Tiqom represents room
tenperawe and T isthe meltingtenperauwe It shodd be notedtha dl o the

tenperawes aeinunts d degrees K

The Johnson Cook rd aionis esserntidly a nodfied for mof the over-sresstype of
modd s irtroduced by Mal vern Perzyna and Canpbdl [20. Inthese node s the
pastic stranraeis nolintedto firnte vdue and therefare streng hi ncreases
linearly wthrespect tologarithmic stranrae It shod d d so be natedtha effect of

non-proportiond load ngh say onflowstress are na cond deredinthis nodd.

The Johnson Cook rdation consdes the effed o stran stran rae and
tenperawe in an uncoud ed manner, as seen in Equation 4.2 the fird term
describesthefl owstress as a power | aw of stran. The secondter mrepresentsthe
logarithmc effed of strdan rae and the thrd term expresses the effect of
tenperawethroughther nd sdtering Sncetheseter ns are uncoupg editi npies
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tha the stranrae sensitivityisindependent of tenperawe whichistypcdly nat
truefa netds

Hd mgui str and Johnson irtroduced a nodfied vers on of t he Johnson- Cook r d ai on
based on evi dencet ha theirfluence of stranrae of naterid streng his no alinear
function of the naud log They suggested that it is better represented as a
exponentid function The flow stress in the modfied Johnson- Cook rd dionis

represened as,
o=(A+Beg))(&)L-T") (49
wherethe paraneters are as above [ 21, 27.

Aso RU e and Jones [ 23] proposed a nodfied versonfo ductile materids Many
ductile materids dsday an enornmous increasein yidd stress for strainraein
excess of 10° s*. The @ mof thHs nodficaion isto enhance the Hgh stranrae
sendtivity o the Johnson- Cook modd while nini ma ng changes tothe modd for
those load ng reg mes where it has dealy been shown to be effective The

proposed fa md the nodd is

1 1
oc=(A+Be")|1+CIh&+D] ——-= | |A-T." .
c=(A+ gp)[ +Cln &+ (E—Im&* Eﬂ( a) (46

where O and E are addtiond enpricd coeffidents

4.2 Zerilli- A mstrong Constituive Rd aionship

Zexilli and A nstrong introduced two d d ocaion mecharics based constituive
rd &ionstha describethe von Msesflowstress as afuncion of stran stranrae
tenperauwe and gransizeinacouded manner. Based onthe concept o ther md
activaded notion of ddocaions and the naauwe of ddocdionireadions, one
rd aion was devd opedto descri bet he def or metion of FCC copper andt he o her for
BCCiron Athough the constituive rd dions i ntroduced by Zerilli and Ar nmstrong
wer e devd oped f or copper andiron, it wasirnendedtha they wou d be appical e
fa a wde range o FCC and BCC neterids since they were devdoped from
phys cd prinddesinherert to each crystdlographc srucue
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For BCC metds the notion of ddocaions is governed predonmnantly by the
irteraction produced by the overdl | a&tice patertid (Pe el s- Nabarro stress), which
leadsto min nd stranhardenng For FCC netdsthe predoninantinteractionis a
d d ocaionintersecions, whichleadsto substartid strdn hardenng The Equation
fa BCC netdsis

c=0,+ Be” + B,&" 4.7

andfa FCC netdsitis

=0, +Bz"%e" (49

where gisthe equvdent pasicstran and T isthe absd uetenperaue The
paranmeter o, represerts the athermd conponent o the flow stress and is

deter nined mai lyfromthe effeds of sd ues and grd n boundaries. Itis expressed

as;
o, =0, +kd™? (49

where, o, represertstheinfluence of sdueandthe orignd dd ocaion density on

the eff ective stress. The secondte mknown as the Hdl-Petchterm cdcd aesthe

stress assodaed wth the pagic flow between gran boundaries a |ow

tenperaues. The variad e K representsthe nicrostrucurd stressin density and

the vaiad e disthe average gandanet e.
Theterns aoand  ae expressed as

a=a,—aInd (4 108)

=0, —pIn& (4 10b)

where & is the equvdent stran rae and the vaiades B,B,,f,, B, a,a,

,0.,K,dand Nare neteid constantstha are deter nined from experi mertd data

Zexilli A nstrong staedtha thar aignd rdaion for BCC netds, expressedin
Equation 4.7, was i nconpl eée sinceit dd nat accourt fo the effect of t wnn ng,
whi chisi nmportartin BCC meterids Ani nproved verd onfo the BCCr el &i on was

irtroduced which incorporaed a s nde defor nmetiontwnring nodd. It was
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suggestedt hat d asticflow by dipcod dberedaced bytwnring a highstranraes
inthe presence of large grans. To account for this efedt, they nodfiedthe Hdl-
Petchte min Equation 4.7to be

o, =0, + kd’“zl(NT +1)"° —1J (411)

wher e NTrepresertsthe average number of twns per gran Further devd opments

are gill made onth s congtitutiverd aionshi p[20, 24].

4.3 DO scussion o Constitutive Modd s

Inthe Johnson- Cook nodd, tenperawe and stranrae g vethe saneinfluenceto
the yidd stress and work hardening of nmaterids because o the consecuive
multigicaion o itsthree conponents. Liang and Khan [17] nentioned that the
Johnson- Cook nodd for bath copper andiron preddsthe "fan-ou" stress-stran
curves. |n BCC netds, however, the effeds of tenperaure and stranra e onthe
stress-strda ncurve usudly produce an approx nmatdy pardl d trand ai on(upwar ds or
downwar ds), whereas the stress-stran curves shodd "fan ou" in FCC netds,
because of the dfferer rat e-contrdling mechan smof thether md conponent of the
flowstress. Thsindcaestha inbcc netdsthe effects of tenperaue and stran
raeon work hardening are snell er thanthose on yid dstress. Evenin FCC nmetd s,
the anplitudes of tenperat wre and strd n effedts on yi d d stress and wor k har den ng
may nat necessaily be equd. I n nost cases, the strdn- ra e senstivity paramnet er
inther ndly adivaed reg ne is constart. However, these charad eidics are na
represernted by the Johnson- Cook nodd. The Johnson- Cook nodd is esped dly
inadequatefa BCC metds bd owroomtenperatuwres where yidd stressis highy
sendtivetothetenperaure change. Thel arge differencein effeds of tenperaue
onyiddstress and work harden ngforlids the ach everrent of sens defit o ths
modd tothe experi mentd data[7. However, for med umand high stranraes of
def or reti on, Johnson- Cook Modd exhi lits good corrd dion bet ween experi nent d
stud es, esped dly wth sgit Hopki nson Pressure bar [ 21, 22 25 26€]. Asoit shod d
be noted tha the stress rdaxaion due to the tenperaue rise during the
defor metionisinduded inthe constituive rd aion. Moreover, the bdlistic stud es
mostly usedt hisrd dionsh p Because o t hese advant ages, Johnson- Cook nmodd is
sdededto nmodd the neterid behaviarintlisthess

Athoughthe above problens arevirtudly overcome i nt he Zerilli- A nstrong nodd s,

thef or mof work har denng behavi ar adopt ed by Zerilli- A nstrong nmodd s, esped dly
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the BCC nodd rensins the sane as tha o Johnson- Cook modd, whichis
origndly proposed by Ludwk. The mandat ayinsenstivity o work harderingrate
totenperawe and stranraeis adopt edi n Zerilli- A nstrong bcc nodd. However, it
has been shown tha for nmost nmetds work harden ng increases wthi ncreas ng
stranrae The inherent nawe of ths famd methensticd function gves a
monotonicincrease of stress wth stran If the paraneters o Johnson-Cook and
Zerilli- A nstrong nodd s are opti mzedfor high strans, itis usudlythe casethat a
smel stran the predction of flow stress and yidd stress is [ower than the
experi mentd vd ues [ 7.

MTS modd can provide a better pred dionfor the stress-drdanrd aionsh p over a
lage stranrange evenif it is estadished inlow stranreg me. There are two
reasons for MTS nmodd to be success. Arg, it enbod es the sat uraion concept.
Second, it uilizesthe dfferertid fa mof the work hardeni ngl aw Anat her drawback
tothe MTS nodd isagrea anmount o experi mentd effatrequredto deter mnethe
evd uion d grud ue duringthe def or reti on

A do, as nentioned abovethere arel as o proposed constituive nodd s avalald ein

theliteauwe which are successfu wth agreement of the pred ded vd ues ot her
thanthese [ 27- 29
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5. H GH STRA N RATE TESTI NG

Hgh stranraetesting had a slow begnringinthe early 19" certuy. The first
dynamc experi ment was conducted by Bertram Hopkinson on sted and he
cond udedt ha the dynam c streng h was at | east wce as high asitslowstranrae
streng h[1] Asurgeinthe study of highstrdnrate def o mati on began around Worl d
War |l. Th s activity has beenrev ewed numnerousti nes. Thus some effects of high
stranrae on meterid properties have been wel estaldishedinthe high stranrae
community sincethe early 1950 s. However theimpact of these effects onthel arger
sd ertific comnmunity has been rmuch d ower.

Thischapter revi ewst he hi gh strd nt esti ngt echniques usedt o char act ei ze dynanic
mat erid properties. These techniques can be classfied accord ng to experi ment
mode (Fgue 5 1), a accaodngtodrdanraes (Rgure 5 2.

Applicable strain

Mode rate, 57! Testing technique
Compression ... . .. E i <01 Conventional load frames
0.1 to 100 Special servohydraulic frames
0.1 to 500 Cam plastometer and drop test
200 o 107 Hopkinson pressure bar in compression
10" o 107 Taylor impact test
Tension 5 YA \ e Sk Conventional load frames
0.1 o 100 Special servohydraulic frames
100 w0 107 Hopkinson pressure bar in tension
10 Expanding ring
=10° Flyer plate
Shear . SarEEsR ; i ves o001 Conventional shear tests
0.1 to 100 Special servohydraulic frames
10 o 10/ Torsional impact
100 o 10* Hopkinson (Kolsky) bar in torsion
10% to 10 Double-notch shear and punch
10 1o 107 Pressure-shear plate impact

Fracture toughness (rates are
stress intensification rates, K,

MPaVms™') . ....... B 275162 % 10° Plane-strain fracture toughness testing
10° Charpy test
10° 1o 10° One-point bend
2 % 10° Dynamic notched round bar

Crack arrest

Fatigue) =i sdiianing sziainweea0ite- 100 Ultrasonic fatigue

F gure 51 Schenstic dassification o testingtechni ques accord ngto nodes [34].
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STRAIN
RATE, s COMMON TESTING METHODS DYNAMIC CONSIDERATIONS
107 -{ HIGH VELOCITY IMPACT SHOCK-WAVE PROPAGATION
-Explosives
1 08— -Normal plate. impact =
-Pulsed laser E
-Exploding foil = |
105 -Incl. plate impact (pressure-shear) | SHEAR-WAVE PROPAGATION =
DYNAMIC-HIGH PLASTIC-WAVE PROPAGATION 8
104 -Taylor anvil tests g
-Hopkinson Bar m
= = w
103 -Expanding ring =
DYNAMIC-LOW MECHANICAL RESONANCE IN 8
10°— High-velocity hydraulic, or SPECIMEN AND MACHINE 3
pneumatic machines; cam ISIMPORTANT =
1 01—- plastometer
- 00__ QUASI-STATIC TESTS WITH CONSTANT CROSS-
Hydraulie, servo-hydraulic HEAD VELOCITY STRESS THE
g or screw-driven testing SAME THROUGHOUT LENGTH OF
1% ™1 machines SPECIMEN o
=s )
10 g
=
1
163 Q
O
4 o
10— =
o)
162 &=
CREEP AND STRESS- VISCO-PLASTIC RESPONSE OF g
15.8| RELAXATION METALS m
- 7| -Conventional testing
1071 machines
10— -Creep testers
-9
10

FHgure 52 Schenmatic dassification of testingtechn ques accordngto stranrae[l.

The techriques seenin Fgwe 51 are a various stages of standard zation For
exanp e Charpy Testiscurrertly a standardtest. Al aher test nmethods currenly
are na sgandardzed by ASTM

O three mg or consderationsirtrindcto high stranraetesting wave propagati on
has been the nost troud esonme. Wave propagati on becones i nportart intesting
whenthetinmeirnevd o the apdiedforceis so short andthe d nensions of the
sped nmen are suchthat theinertiaforceinthe materidislocdlyconparad etothe
locd farcefor def ar metion. Asthe size of the sped nmen and stra nra ei ncrease, the
efeds of wave propagation generdly become mor e s grificant, because t he ti me
avalade fo a stress wave to propagate and refled mutige ti nes becomes a
g grificant portion of thetest duraionti me. In addtion the stress wave may nat
propagae wth a constant wavefa m Consequertly, the i ntended apdied stress
famis nodfied qucky. Atenaions o specimen d nensons to avert these
prod ens eventudly are indfective a h gher stranraes. Wave propagation effects
must then be accounted fainan and og manner. Most o the effat to deve op hi gh
stran rae testing has concenraed on accourting fa wave propagation or

modfying sped nenstodi mna eits dfeds.
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The second nmg or consideraionin high stranratetestingistheirfluence of stran
ra e on def or metion and fdlwe nodes of meterids. Theirfluence of tenperawein
chang ng def or netion mode fromdliptotwnringin body centered cubic netdsis

well known. Qher fad ars such as aysd aientaion dsoirfluencethis change

Thethrdgenerd cons deraioninperfamnghighstranraetestsisthe dred effect
o highstranrae on properties. Evenif wave propagati onis properly hand ed and
no changein defor netion or falue node occurs over therange of stranrae of
ineest, anincreasein strengh and a decreasei ntoughness usudly occurs. The
effed o stranrae on properties variesfa each mat erid. These generd trends are
well known, but becausethe magnitude of the changein properties wthstranrae
are so vaied fo each materid, no generd quartitdive theoy exds tha
saidad ailypred dsthe mechan cd properties of met erids over a wderange This
sujecdisdosdyrdaed wth constituive rd dgions, which were d scussed before

[30

5.1 Hstoricd Background of Hgh Sra n Rate Testing

As the 1%h century progressed, there was an increas ng awareness tha the
properties of et erids under i npact dfferedfromt hose under staic or quasi-gaic
| oad ng

Experi ment d i nvesti gaions wer e hanpered by lack of sutal einstrumnent i on but
cons deral et heor i cd progress was madei nt he under st and ng of t he propagati on
o stress wavesin bounded med a such as drcula rods. Itis generdly cons dered
tha John Hopki nsonin 1872 madethefirg experi nentd denonstraiontha netds
can wthstand alarger inpddvetendleload than they can under statictensle
load ng However, Dunnin 1897 was credted wth construdingthe first true hi gh
siranraetesting machine Bdl dso dscusses inhs book the cortribution of H

Tresca

Ater John Hopki nson strag c deathin an A pne di nbing acd dent d ong withthree
o hisdxchilden hHsson Bertram Hopki nson was € ectedto carry on hisfaher's
work as Prdfessor of Eng neering aa Canbridge Heinvented aningen ous bdligic
pendu um met hod for deter niri ng t he shapes o pu ses caused by thei npact of
bules or t he det onati on of exd odve charges a one end of alongrodin1914. By
us ng no mentumtraps of dfferent | engths, he was ad eto buldup a picdure of how
much monmentumpassed downtherod as afunction of ti mefor dfferent d asses of

event (assumngtha thesetypes of evert arerepea ald €). Because he perfa nmed

39



the p oneeri ng work on det er niri ngt he shapes of i npu sestravding down rods, t he
devi ce cond ging of al ongrodtoconvey af orce pu seto aforcetransducer becamne
known asthe Hopki nson pressure bar. Thiswasrapdy pu touseinthe Firg Worl d
War, andis still usedtoths dayinits aignd corfiguwaionin b ast wave | oad ng
stud es. These achievements of the Hopki nsons werereviewed by GI. Taylarina
lect re he gavein 1946.

Wththe devd opment o t he continuous strip mllinthe 1920s t here was r enewed
ineest in deter mring the dynanic properties of steds bahintenson andin
tadon paticdaly & hightenperauwes. Very litle work seens to have been
perf a med on dynanic conpr ess vel oad ng bef oret he Second Worl d War, dthough
GIl. Tay o had beenthinkng o a method of esti matingthe dynanic strength of
mat eri d sinconpress ont owardst he end of the 1930s. Hs met hod consi sts dof firi ng
asdidcylinder of the mat erid aga nst a massive andrig dtarget. The dynanicfl ow
stress o the cylinder meterid can be esti mat ed by measuringthe overall l eng h of
the i npacted cylinder and the lengh of the undefor ned (rear) section of the
prg ectile by neans o thefdlowng s ndefamia

pV>(L-X)
2(L- L)n(L/ X)

(51

where cisthe dynamc yiddstress of the materid o the prgedile pits density, V
itsi mpact vd odty, and L, Xand Ly ae definedinAgue 53

S Prior to
|8 o s impact
fe—o >
L
U @ T
i,

71

7

Final
state

-

X JL.-X

L —"

H gure 53 Sequence of def or nati on after i mpact o cylindricd prgectileaganst rigd wal [32.
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One of the assunptions madein derivingthi s express on was tha therear o the
prgecile undergoes constart decdeaion Taya & Whiffin knew tha ths
assunmptioni s na true, but an and ys st aki ng account of t he vari aioni naccd er aion
yidds a set of expressonstha aretranscendentd inthe yiddstress andin which
the g astic wave speed acts as a free variade. Taya and Whiffins met hod of
sd i ngthese equations cond g ed of numeri cdly det er mri ngt he g asti c wave speed
consd gert wth bahthe measured def or netion andther theory. Thsthen al owed
theyiddstressto be deter mned Inordertouseths nore exact methodrouindy,
Tay o presentedit as a set o graphs yi dd ng multidicaive coredion fadasto
Equation 5 1 Wiffin showed tha the correctionfact o was vd odty dependert.

The pubicdion of ths method occuredjust befae Kd sky sfanous paper onthe
use of t wo Hopki nson pressure barsto neasurethe dynanmc properties of materids
inconpresds on| 31]. Th sdevi ce becane known asthe sgit Hopki nson pressu e bar
(SHPB) and soon became the standard techrique for obtdring high stranrae
properties o meterids having the advantage over the Tayor test of | oad ng t he

mat eri d under nearly unfa mstress and stra nrae.

However, the Tayl artedt, or vari arts onit such asrod-onrodi npact, has been used
and devd opedtothe present day. It has na dften been usedto obtan dynanmc
yiddstresses of materids bu for studyi ngt he propagati on o g astic waves, andfor
checki ng constituive nodd s by conpari ngt he shapes of recovered cylinders wth
conputer pred dions. It has ad so been usedfarits orignd purposeinohbta nngthe

dynanmic properties d polyners a roomtenperaure and energetic naterid s. [32

Q her nethodsfor obtd ningdynanic stress-strd ncurvest ha have been devd oped
ind ude the cam p astomet er, hydradicdly driven mechanicd testing mach nes,
drop- we ght t ower s andthe expand ngringt est. Wt ht he excepti on of t he expand ng
rngtest, these a her nmethods produce sonewhat | ower stranraesthan the SHPB

(107 s'arless) as opposedto 10° s'a geaer [37).

5.2 Split Hopki nson Pressure Bar (SHPB) Test

Devd oprent of test techn ques based onthe Hopki nson bar hasledto g grificant
advancesin high stra nrat et esting capalhlities. Thesetechri ques Vi d dthe h ghest
posslde stranraesina unadid conpresson test under urifa m def or netion
condtions. I n addtion the det er nination of stress wthnthe def o nnng sped menis
made wthou use of aload cdl, andthe nmeasurenent o stranis nmade wthou

drectly montaingthe sped nenleng h
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5,21 Hstoricd perspective

The Hopki nson bar derivesits nane fromits devd oper, whoin 1914 used al ong
dagtic bar to study the pressures produced by thei npact of a bulé or by the
detonaion o an exd osve Indes gningthsexperi ment Hopki nsonrecogn zedt ha,
aslong asthe pressure bar remai ns d astic the d sd acenentsinthe pressure bar
are dreclyrdaedtothe stresses andtha the lengh of the waveinthe bar was
rdaedtothe durdion o thei npact through the vd odty of soundinthe bar, a
quartity tha was wel known. A signficant featuwe of ths work was that the
pressures were esti met ed by nmeasuringthe nomentum(wth a bdlidic pendu umn)
acqured bay asndl section d the bar dacedincontact wththe bar a thefa end

Further devd opnentsin the experi nentd techn ques occur afew decades after
these ori g nd experi ments when Davi es[ 33, and Kd sky[ 31] des gned condensers
to measure dsdacenens in pressure bars. Kdsky dso inroduced the sfdit
Hopki nson pressure bar t echri que, i n whichthe sped nmenis sandw ched bet ween
two pressure bars. He denonstraed how stress and stran wthnthe def or nnng
sped nmen arerdaedto dsdacenentsinthe pressure bars. Because of these

cortri buti ons, the sdit Hopki nson pressure bar is dtenreerredto as the Kd sky bar.

Inthe last two decades, there have been numerous advances in experi nentd
procedures based on the Hopkinson bar. The use o stran gages to nmeasure
suface dsdacenents onthe d astic pressure bars was thefirgs reportedin 1961,
and atechn quefa perfor ning d evaedtenperauwetests was describedin 1963
The Hopki nson bar was firg corfigwed for torsond loadngin 1966. Li ndhd m
irtroduced a unique procedure for testingintens on and has provided revi ews of
Hopki nson bar testing techriques tha have beconme standards for curernt
procedures| 34]. There are still devd opnents nadeto oktdn nore accura eresuts
[29 35 71].

5,22 Basic principdes

As identified by Hopkinson, the use of along dastic bar to study highrae
phenonenai sfeas d ¢ becausethe wave propagati on behavi ori nsuch a geometry
is wel understood and met henaticdly preddabde Thus, the dsdacenents or
stresses generded a any pant can be deduced by nmeasuringthe d astic wave at

any pdrmn asit propagates d ongthe bar.

There aret wo bas ¢ corfiguraions o the Hopkinson bar for conpresson testing

The most wddy usedis the sdit Hopki nson pressure bar, shownin Fgue 5 4
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Severd investigaas have recertly used singe pressure bar corfigwation The

basc pinddes o thetwotechniques are 9 nil a.

Specimen
Striker Bar Input Bar Cutput Bar
—h;
[ 1 I = H =
Strain gage A Strain gage B

Hgure 54 Schenmatic of SHPB apparat us.

The sgit Hopkinson pressure bar conssgs of two dastic presswre bars tha
sandw chthe sped nen bet weenthem Typcdly, a striker bar is propdled t owar d
theind dent bar. Uponimpact, an d agtic conpressi ve waveis generaed wthnthe
ind dent bar, andtheti me- dependert straninthe pressure baris neasured a stran
gage A locaed a the mdpant o theinddent bar. A theinddent bar/sped nen
inaface the waveis partidlyréleded and partidlytransnittedi nt ot he sped nen.

The potiontha isrelectedtravd s back d ong theind dernt bar as atensle wave,

andthe srdan &,(t),is nmeasured by sran gage A

The strangage ont heind dent barisloca ed a the bar mdpd rt sot hat thei nad dent
andr &l ect ed waves can be measur edi ndependertly. If t he stra n gage werel ocat ed
dosetotheinddent bar/sped nenirteface thelead ng edge of therefl ected wave
coddinefere wththetrdling edge of theind dent wave. The conpress ve stran

& (t), assodaed wththe portion of the wave tha is transnitted through t he

sanp einothe oupu baris neasured by strangage B locaed a the mdpadnt o
the ou put bar.

When the sped nen is defor ning unifa nhy, the stranrae wthn sped nenis
drectly proportiond tothe anplitude of the reflected wave Likewse the stress
wthnthe sanp eis drectly proportiond tothe amplitude of the trans nitted wave.
These two signds can be recorded, the former inegaedto yidd stran and
conmbinedto g vethe dynanic stress-strancurve. Hgwe 5 5shows atypcd SHPB

response.
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relatively constant strain rate

wol N I S
Oglt) reflected signal

o4

~ I

wd ] | | N
| Olt) transmitted signal

stress signal (MPa)
[::
3 | :
g |

oy(t) incident signal

effective duration of the incident i main assumption stress equilibrium

signal determines the total strain Ot )=0y(t)+ot)

-400 ] !
o 50 100 150 200 250 300 350

Fgure 55 Sransgndsrecorded by stra n gauges and convertedirnto stress [55].

523 The derivaion of rdaedfor mul as for SHPB

Inorderto arrive a an equati onfor the sped nmen stress, itis necessaryto consi der

thefarcesi nparted onthe sped nmen duringthe intid | oad ng of the SHPB Thisis
shown bd owin Rgue 56.

Projectile Inputbar ~ Specimen  Qutput bar

\ \ | \ Entrance fmel I Exit force

(age2 Gagel »

Entrance velocity ‘Exi[ velocity
—

Piit) E’ Palt)

Fgure 56 Qfindricd specimeninunaxid stress stae

InFgue 56 thefaces Pi(t) and Pz(t) arethe resdt o the contact between the
input and out put pressure bars andthetest spedmen and ds andls arethe d anet er

andlengh of thetest spea nmen, respectivdy. Thesefarces are shown asf uncti ons
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o ti ne since, duringthe dynanic evert, the forces vary during the load ng and
url oad ng of the sped nen Natingtha the forces devd opedinthe sped nen are

conpress veinnaue the average sped nmen stress can be conputed Thus:

R+ P.0)
P.(t) + P,(t)
O i () = 2 =— 22 (59
A 272(15

Equation 52 is actudly the rddion far the average sped nmen stress as the
sped nenis aoigndlyinan equlilriumstae prior tot he apdicaion o the un ax d
load Andyzngthe equlilriumsta e of the spedmen duringthel oad ng event, the

faces p1(t) and P2 (t) can be redaced by the correspond ng i ncident and

reflected pressure bar grains. Consequently, wtha presswe bar d aneter dbar,

ﬂd 2bar
4

Pl(t) = E[gl (t) + &g (t)] (53

7Zd 2bar

P, t)= E[gT (t)] (549

In Equation 5.3 and 5.4, &, (t) istheinpu barinddert stransgnd, &,(t)isthe

input bar reflededstransignd and &; (t)isthetrans mttedstransignd. Inorderto
generae a nore usefu equati on the average sped nen stress must berdaedto
the i nd dert, reflected and transnitted stran histaies & (t), &, (t), andeg, (1) .

This can be acconplished by substituion of Equations 5.3 and 5. 4into Equation
2 8 The d ndifiedresut o ths substituionis shown bd owin Equation 5 5:

Ed 2bar

TR ICARIOAEIC) (59

o(t)=

Recdling one of the pri mary assunptions madeinths andyss namdytha o

unfamunaxd defo rmetion conservaion o momentumrequres that the tad
stranintheinput bar (&, () +&,(t)) equa sthetad strdninthe out put bar & (t).
Thus,

gM)+e,(t)=¢. (1) (57
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Substituion of 5. 7iro 56 yidds the s ndified equation far average sped nen
stress wthreducedfa m
Ed’
O nve (t) = d sar &; (t) (59
S
Thus, the average speci nen stressis propotiond tothetad stran trans nitted
throughthe sped nmen. It d so shows tha changngthe average stressimparted on
the sped nenis accomdished s ndy by changngthe raio o the pressure bar-
sped men d aneter. This wll serve asthe pri mary equaionfor cdcd aing average
sped nmen gressthroughout therest d this andysis

To derivethe express onsfaor the sped nen stranand stranrae itis necessaryto
rev ewt he equation of notion of a dfferertid d enent i nthe unfa nhy def or ming,

un ax dlyl oaded bar:

(59

Assumngthat the stress and stra nare har nonicinna ue the partid e accd eraion

in Equation 59 can berewitteninter ns o the partid e vd odty, v

d*u, _dv
dt* dt

(5 10)

Further g ngificaion yidds Equation 511

E2 % :a—p (5 11)
OX\ OX ) OX

inwhch pisthe pressure across the honogeneous cross section Findly, the
equation of notion can berewitteninter ns of the pressure and ve odty acrosst he

bar cross section as ;

op(xt) _ ov
x  La (1
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Noti ce from Equation 5.12tha to sdve fo the partide vd odtyin a bar requres
know edge of the pressureinthe bar. If we assunme a positivetravding har nonic

wave o thefam
p(X,t) = P+ (513

in which pisthe anplitude of the pressure puse, wisthe pusefrequency, t is
thetenpord index, xisthe wave nunber (K =w/C, ), and xisthe spatid | ocati on

o the wave, an expressonfo thei nstant aneous partid e vd odty can be conput ed
Taki ngthefirg derivaive d Equation 5 13 wthrespec to x Equation 5 14 resuts

ap(X’ t) — _ikPei(wt—kx)

(5.14
OX
Substituion d 514irntoEquation 512 ate some arangenent yidds,
1
v(x,t) =— p(x,t) (515
PC,

For theunax d, dastic stae o stressfoundinthe pressue bars, the pressureis
equd tothe appdied| oad d\ided by the cross sectiond area of the pressure bar.

Therae p(x,t) canbe witteninte ns o the bar sran as;

p(x,t) =&(x,t)E (516

Substit ui on of Equati on 5. 16i rt o Equati on 5. 15 yid ds an express onf or the partid e
vd odtyinter ns o the pressure bar gran as shown bd ow by Equation 517

v(x,t) =C, e(x,1) (517)

Bef are proceed ngfuther, itis necessarytorecdlthe dynanics of the SHPB. A the
input bar-sped nenirteface the stress puseis partidlytransmtted and partidly
rfleded As such therefl eded wave now behaves as atensil e stress pu se s nce
itistravdinginthe opposite drection of theinddent pudse Thus, for a wave
propagainginthe opposte (-X) dredion theinstantaneous partide vdocity vis
merdytheinverse o 517, nandy

v(x,t) =—C, e(x,1) (518
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Wthinstant aneous partid e vd odty equati on now writteninter ns of the pressure
bar strans, sped nen stranrae can be cdcudaed Referring back tothe test
sped men shownin FHgure 5.6 Equaions 5. 16, 5 17 and 5. 18 can be conbinedto

generde Equation 519 the averageinstant aneous sranraeinthetest sped nen:

0 Vg, =V
ot |

S

(519

In Equation 3.33 V isthe partide vd odty & input bar - test sped nenirterface
while V_ isthe partide veodty a thetest sped nen - ou pu bar i terface. Recdl
dsotha |s isthelengh of thetest sped nen. The vd odty a theinput bar - test

sped nmenineface (V)isconprised of theinddent wave (+x drection) andthe

reflected wave (-x dredion). Thus,
Vis :Co(‘c"l _ER) (520

Conput dion of the vel odty a thetest sped men- oupu barirnteface (V) fdlows
in muchthe same fashon asinpu bar - test sped nen vd odty cd cd ation except

tha olythetransmtted stranhstay &, is needed Thus,

v, =C,& (521)

By substituingt hesei rterface vd odtiesi ot he express onf o the spedmen stran
rae an expressonforthe sped nenstranraeinte ns o the pressure bar strans

can befound Thsisshown bd owin Equation 522

dgspecimen —_ C:0 (ET &t gR) (522

dt I

S

The negativesignin5 22is duetothefac tha thetest sped nenisinastae of
conpresson dncethe urifa nhy, un ax dly def or nhng sped nen assunptioni s still
inuse Eguation 5 7 Hill hd ds true and Equati on 5. 22 can be reduced to

dgspecimen 2C
p =—I Exq (5.23
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Wth the equation defiring the sped nmen stran rae known, the sped nen

conpresd ve grdn can be foundthroughinteg aion o Equation 5 24

_2¢,

gspecimen (t) = IgR (t)dt (5 24)

S

Equations 5.23 and 5. 24 wll for mthe bassfor cdcd aion of sped nen stranrae
and strdanthroughou thisresearch Cougd ed wththe equaionfa spedmen stress
(BEquation 5. 8), thesethreerd aionsh ps provide the SHPB sd ertig wtha nmeansto
characterizethe mechanicd properties of met erid s usi ng convertiond strdn gage
insrumentaion a sranraes uptoandind ud ng 10° s,

Summary of Equations: For a unifa nhy def or mmng sped nmen, the express ons
rd aing pressure bar stransto sped nen properties are grealy reduced. Before
dscussngthei ndenentaion o these express ons, an overview of the physics
behindthe test is necessary. Ater the striker bar i npacts the input bar, dastic
conpressve wave is generaed tha propagaes towards the sped nmen. Upon
reachng the sped nen, part o the wave is rdleded whle the remai nder is
transnitted t hrough the sped nen and irntothe oupu bar. By nounting stran
transducers to the surfaces of the pressure bars, the refleded and trans nitted

waves can be recorded for usein equations 5 25

dgspecimen — 2Co &

dt | F

2

gspecimen (t) - CO J.ER (t)dt (529)

e () =E 225, (1)
A

Many testing condtions grealy affed the i ndenmentaion and effediveness of
equations 5.25 Forinstancethelengh of theimpact pu se deter nnnes how much
the sped men may be def or med. As nertioned the waves are d spersed, whichin
effed snmears the wavefar ms. The fundamentd assunption tha the sped nmen
defar s unifar nhy nust be enfarced by | ubricating the sped men - pressure bar
irnterfaces and choos ng approprid e sped men d mensi ons. By caref Uly addr ess ng

these i ssues, dynamc stress-granrdaions can be found far a broad range of
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mat eri ds usi ng equaions 525 As asumup Fgure 5 7 showsthe stepsto obtan

stress-stra n d agramfam spit Hopki nson pressure bar test.

Crage A Incident Bar Specimen Transmiiter Bar Gage B
— " 3
g0 &Xgal)

: :

&%, 1) =&{x1 1+ A &l )= &fxsl-Al)

! !
b=t [[o0= £ bxga.0]
¥
&= ﬁ [ Crgrony e

Strain versus time Stress versus lime

Hgure 57 Howchart showng the datareduction stepsin SHPBtest [57.

524 Wave propagationin dastic pressure bars

Whent he striker bari npactstheind dert bar, the wavet hais generaedinthel ater

is hgny conp ex because of end effects due to nonurifa nities a the striker
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bar/ind dent bar ineface and the propagation of aher types of dastic waves.
However t hese end eff ects qui ck y danpen aft er the wave has propagat ed about ten
bar daneters.

There are addtiond consequences of the pred cted wave propagati on behav a. If
the waveis a pure cosne wave of wavd engh A, then axid dsgdacenments and
stresses are urifa moverthe cross sedtion o the bar aslongas R/ A <<1, where

Ristheradus of the bar. Infad, when R/A<0.1, the dsdacenents a the
suface of the bar dffer fromt hose d ongthe bar axis byl essthan 5% The g ority
o the energy in waves generded in the spdit Hopkinson bar is contaned in
wavd engths tha exceed 10R thus the wave can be assuned to be one-
d nmensiond, and surface dsdacenment nmeasurenents are accuwaeindcaaos of

axid dsdacenmentsinthe pressure bar.

Anct her i mportart consequence of wave propagati oni nthe pressure barsisthat t he

longtud nd vd odty varies witht he wavd engt h, whi chl eadsto wave d spers on For

R/ A <<1the propagation ved odtyis the wel-known | ongitud nd sound vd odty

(wich was derived in Chapier 20 C,=./E/p, bu as Aapproaches R the

vd odty o these short wavd ength conponents decreases to 0.576G (fa a bar
materid wth a Passonsraiod 0.29). Thelower vd odty of the short wave ength
conponents causes dsperson of theintid wave and| eads tothe appearance of
osdll aions, cdled Pochhammer- Chree osdll ai onst ha ri de waves and bul d duri ng
propagati on downt he bar. These osdllaions are § ndy short wavd engt h frequency
conmponentstha | ag beh ndthel ead ng edge of the wave [ 36]. These osdll &i ons
have only a minorirfl uence ont he pred d ed stress-stra n behavi ar. For noredetals

on stress wave propagation and osdll aioninrods, reader canrefer to[37-41].

5,25 Conditions sati sfyi ng unifor mdef or mati on

Whereas wave propagationinthe dastic pressure bars has been shown to be
pred dald e met heretically, it has beenfa nore dfficdt to estaldish condtions for
unfam defor mation wthin the sanmple because ths invdves pastic wave
propagati on andt he cond der aion of fridiond constran. Inter ns of Hopki nson bar
testing when the stress wave enters the sanple patides o sample are
accd eraded bah longtud ndly and rad dly. The fird consideraion is the ti ne
trequredfor the stresstoequlibrae wthnthe sanypl e It has been esti mated|[ 34
tha thsrequrestiree reverberaions o the stress wave, whichfo a pgasticdly
def or ning sdid obeyi ngthe Tayl ar-von Kar man Theory yid ds[17];
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2 L2
t:% (5 26)

ds

where p_isthe density of the sped men, Listhe sped nenlengh and do/dgis

the dope o the true stress/true stran curve A tines less than tha dgven by
Equation 5 26, the sand e may na be assuned to be def or mnng unifor nhy, and

stress-srandaa may beinerar.

Ani nportant cons deraionin spit Hopki nson pressure bar testingisthe des gn of
the experi nent, suchthattheti me tfromEquation 5. 26isreached earlyinthetest.
One way to decrease tis to decrease sped nen lengh Because other
cons der i ons, described bd ow li mit thel ength-to-daneter raio o the sped nen,
the sped nen lengh may na be decreased done wthou a decrease in the
sped nmen and bar danetes The use of sndler daneter barsto achieve hi gher
stranraesis acomnmon pracicein sdit Hopkinson pressure bar testing [ 42]. An

addtiond ben€fit of decreasngtherad us of the baristha ths dso decreasesthe

raio R/ A, whchreduces the effects caused by d spersi on d scussed above,

Because the vdue (from Equation 526 carit be decreased sigrificantly, an
dtenae methodtha wllyiddvdiddaaat earli e stransistoi ncreaset heri seti ne
o theinddent wave. A symmetrici npact bet weenthe striker bar andtheind dent
bar yvid ds a short risetime pu setha approx mates a square wave. The riseti me of
ths waveislikd ytobelessthan tin Equation 5. 26, bu if theriseti me of the wave
isincreasedto a vd ue more conparad e wth {,thenthe data wll be vdid a an
ealie stranthanif a short rise stran puseis used Further nore because t he
highy d spersed short wavd ength conponernts arise fromt he | ead ng and traling
edges of the waves, alongriseti ne puse wll contdanfewer o these conponents
than wll a shardy riang puse Experi merntd technques to shape the puseto

increasetheriseti me wll be d scussedl aer.

Thetwo nmeterid propertiesin Equation 5.26 arethe density and t he dope of the
stress-dran curve Thelate isinportant because it can vary g gnficantly from
mat eri d to met erid. Thus, certdnexperi mentd condtions of stranraeand bar and
sped men d nensions may saidy Equation 526 for a strongy stran-harden ng
mat eri d such as copper, bu these same condtions may not satidy Equati on 5. 26
fa a weady stranhardenng meterid o for a materid exhikiting a yidd pant

phenomena
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In addtion Gorham[45 suggested tha spedmen d nmensions shodd be sndl

enoughfa ned edinginertiaerrars. Hefoundthat t hereis no sped nen aspect raio
whi ch causes eff edtive cancdl a&i on of i nertiaterms. Athoughin any particd & case
itispossHeto mn mzethetad cortributi on by sd ecti ng an appr opri & e geonetry,

the presence of inetia may be causing other eras by creaing non-unfa m
def or neti on

Even whenthe sped nmenis deter mnedto be defa nming unfa nhy, | ongtud nd and
rad d inertiaduetotherap d partid e accd eraionsi nposed a highstranraes can
irfluence the pred ded stress-gran behaviar. The erras due to bathlongtud nd
and rad d i nerti a have been and yzed, and correcti ons have been derived f or t hese
eras[1Z. Ths approximat e and yssresutedin;

(527

1.2 d.?|d%(t)
t) = t S _p ==

where o isthe nmeasures stress, p isthe density of the sped men, v isthe

Passonsraia Ths express on has provedto be usefu, becauseit pred dstha
eras are mn mzedif the stranraeis hdd constart, or if the ter mins de the

bracket is set to zero by choos ng sped men d nens ons suchtha;

- = (529

For a Paissorisraiodf 0.33 Equation 5 28 suggeststha the opti mum |, /d, raio

tomn nze errars duetoi nertiais 0.5 However, thetad straninasdit Hopki nson
pressure bar test isli mtedto approx netdy 25%to reduce the area msmatch
bet ween the sped nmen and the pressure bar. Thus, it is na expected tha a

|, /d raiod 05 willirtroduce serious errars, provi dedt ha theirterfaces are well

lubricaed The sulject of fidionis dscussedlaerinthis chapter.

526 Equipnent andtest nethod

The spit Hopkinson pressure bar test apparaus consss o the pressure bars,
assod @ded nourting and dignment hardware, gas gun or dtenae method
produd ng the conpressve wave stran gage or condenser far neasuring the

waves, andthe assod a@edi nstrunment aion and dat a acqu gtion system(Fgue 5. 8
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[46-48. Therecurrenlyis no standard des gnfar a spit Hopki nson pressure bar t est

apparaus. Thus, thefdlowng dscussionis as generd as possilde

Furance

H : Strike Bar Incident Pressure bar E Transmitter Pressure Bar
Strain Gage | Strain Gage 2
Sensor I h Siage Specimen EC Dashpot
=
Pressure i )
Control System Signal Amplifier P B,— “t::

Cutput data

Oscilloscope

Filter

Fgure 58 Adetaled presentation of the spit Hopki nson pressure bar appara us [58].

Pressure bars shou d be constructedfroma high-strengh meterid; A S 4340 st ed
o meragng sted are comnon chaces. The yidd strength of the pressure bar
deter ninesthe maxi num stress attd nald e wthint he def or nnng sped nmen, because

the cross-secti ond area o the sped nen approachestha o t he pressure bar during

defor metion Thelengh, | and daneter, d_, , o the pressue bars are test

bar *
vaiad es. The danmete chosen depends onthe stranrae desired the h ghest
stranraetestsrequrethesnmelest daneter bar. Thelengh of the pressure barsis
deter mined by condtions requred for one-d nensiond wave propagaion, whch

requres approx netdy 10 bar danmeters. Thus, each bar shoud exceed an

l., /d,, rdiod 20

A second cons der ai on af ectingt he bar | enghisthe anmount o strandesredi nthe
sped nmen, whichisrd aedtothel eng h o theind dent wave. The pressure bar nust
be a | east t wce asl ong ast heind dent waveiftheind dent andr efl ed ed waves are

to be measured independerntly. To obtan stran as high as 25% it may be

necessary to spedfy anratio |, /d, of 100 o nore

Ancther i nportant consideraionfa the presswe barsisthe mn mzaion of axd
cuwvaue Thscanbe apaticdar prodemfo materidstha are hardened by hea
trea ment and for bars with high aspect raios. However, opti mum dignment is
essertid to the sdit Hopk nson pressure bar test techn que and the anmount of
cuvaue wthnthe pressure bar dfedsthe dignment. [34]
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Accurae bar dignment isrequredfo ided one-d nmensiond wave propagation
wthn the pressuwe bars and for uniaxid conpresson wthn the sped nen.
However, dignment canna be farced by over constraring the pressure bars,
because ths vidaes the boundary condtions fo one-d nensiond wave
propagaioninanirfintecylindicd sdid Thsisonereasonfa atight spedficaion
oncurvaueinthe pressure bars. Generdlythe pressure bars are nountedto a
rgdbeam Mounting brackets wth bearings, through whi ch bars pass, are spaced
every 100to 200 mm depend ng onthe bar daneter, and are des gned sot hat
each can beindvidudlytrand aedfa dignment ad ust ment.

An opti cd bore scope at the near end of the beami s usedto set andregu aly verify
dignment. The bearingsinthe nmounting brackets shou d des gned such tha the
danete shod dbe greaerthanthe bar d aneter todlowrad d expand on. Asi np e
check of dignment istoverifytha each pressure bar trand aes andraaesfredy
through the mounting brackets andthat faces of t heind dernt and out put bars neet
iderticdly when brought toget her wthou the sped nenindace [34

Generaing the Incdent Wave is anather cons deraion o the sdit Hopki nson
pressure bar test. The most comnon net hod of generaingtheinddent waveisto
propd a striker bar towardtheinddent bar. Waves d so can be generaed by the
detonaion of exdodsves at the free end of the inddent bar. However, itis nore
dfficdt to ensure a one-d nensond exdtaion wthn the inddert bar us ng

exf os ve techn ques.

For t he striker bar corfiguraion the prg ectil e can be propdled using stored d astic
energy of, for exanp e a spring bu the use of a gas gunis nost common. The
striker barisfabricaedfromthe same meterid andis o the sane d aneter asthe
pressure bars. Thelength and vd odty o the striker bar are chosentoyiddthe
desredtad strdanand stranrae wth nthe speci nen. A aconstan stranrae the

maxi numstraninthe sped nenis dredly proportiond tothelength of the striker

bar, |

stbar

I
e=2 Egéstbar (529
CO

Fominspection of Equaion 529 and cond deration of nomentum conservati on

bet weenthe griker andinad dert bars, it can be shown tha;
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& 2 (5 30)

wher e V0 isthe ve odty of the striker bar. The equdity condti oni n Equation 5. 30i s

approX metedfor soft metds a highi npact ved odties. Equation 5 29 and 5. 30 can
be usedto approx netethe striker bar lengh and vd odty requredfo a desired
stranand drdanrae

The needfo alongrise ti me pu se was d scussed above concerni ngthe condti ons
requredfor the equlilkration of stress wth nthe sped nen. Experi mentdly, therise
ti me of thei nd dent wave can beincreased by d ad ng a sdft, def or nall e disk a t he
striker bar/ind dent bar interface The chace of materid andthcknessfor ths d sk
depends onthe stranrate andthe streng h of the sped nmen. Typ cdly, the dskis
thesane materid asthe sped men andis 0. 1to2 mmthick An addti onal benefit of

thslayeristha it dten provides a nore urifa mstrda nra e experi nert.

It shod d be nmentioned herethat, inthe nor rd SHPB met hodt he stranand stran
rae are dependent ontherd aivei npedances o the bars and sped nen, and on
the speed of prgedile tests over arange of strainraes are achi eved by chang ng
the prg ectile speed An average stranraeis ascribedto eachtest by dvidngthe
tad strdnduringl oad ng byitsti me of apdicaion. However, ths averag ng masks
the det dl ed behavi ar s nce duri ng at est t hei nst ant aneous stra ncan be appred ald y
hi gher than the aver age because d the shape o theload ng pu se [49.

Fictionis ani nportant consderdionin dl conpressontesting The opti mum
l., /d,, raiofo a sgit Hopkinson pressure bar conpressiontest sped nenis
approx met dy one hdftha deter mnedto be nost favorald efar the minim zati on of
erras duetofridion[34]. Thus, | ubricationisrequred a the sped ner/ pressur e bar
inafaces. However, the presence of alayer o | ubricart a theseinefaces can
affed theti ning bet ween t he waves recorded ontheind dent and out put pressure

bars.

For exanp e cons derthetest of a5 mml ong sped nen a astranraecd 5x10*s™.
Equation 5. 30ind ca es tha, fa these condtions, the prg edile vd odty, and t hus
the partid evd odtyi ntheind dernt bar, must be atleast 25 mis. For a 25 uml ayer of
| ubri cart a the sped nen/ind dert barirteface approx netdy 0.5 usisrequredfor
theinddent bar, travding a th s vd odty, to contad the sped nmen. There wll be a
s nilar de ay a the speci nen/ou pu i teface These dd ays are nat negligde and

can dte theti mngrd ation bet ween t he r efl ecded and trans mtted waves usedto
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conmpute stress and stran wthnthe defar ming sped nmen. Consequently, it is

i nportant to meintdn ath nlayer d | ukri cart.

The use of an dl-based nolybdenum d sufide | ubricant is successfu for room
tenperawuetesing Typicdly, thel ubricartis appiedtothefaces of the sped nen,
andt he excessislighlyrenoved For d evatedtenperauetests, athnlayer o fine

bor on ritride powder can be usedtol ubxica ethe sped men pressur e bar int erf aces.

Measurement of Dsplacenment inthe Pressure barsis dsoi nportart in sgit
Hopki nson pressure bar testing Equations 5 25 showed tha the stranrae and
stress wthinthesanp es arerdaedtoax d strainsinthe presswe bars, andit d so
was shown tha, fa condtions of nost sdit Hopki nson pressure bar tests, the
suface strans accuwrady refled the axid strdns. There are two comnon
techri ques far measuwring these strans. The use o strdn gagesis nost popd a.
Two gages generdly are nounted a d amnetrically opposite positions on each bar
and connected so as to average ou any bendng strdan Sandard stran gage
technd ogy has been successfu. The mg ar dfficdty has beenthe development of
techriques to atachlead wrestothe stran gages. Theselead wres experi ence

large accd erdions and can easily lreak whenthe sress wave passes.

The | ocation of the stran gaugesisi nportart sotha continuous records can be
ohtaned of each puse wthou intefeence fromreflections. For thsreasonthe
gauges are positioned sotha the d gance bet ween each gauge and t he ends of
thdar respective pressure barsis greaer thanthelength of the striker bar. Onthe
ind dent pressure bar this dlowsthe conpl eeinddent pdsetoberecorded as wdl
asthereflected pu se[ 33]. The strda ngage onthe out put bar isbonded atthe sane
d sancefromt heri ght end of the bar bu near the sped nen. This way, a shorter bar
can be used because ony one wave is neasured [50]. Tydcd stran vs. ti me

records fromthe pressure bars can be seenin Fgure 55

Bonded strd n gages do have afiriteresponse capahblity. Theriseti ne of the gage
inresponseto a step changeind sdacenment increases wththelengh of the stran
gage. Typcdly, gages attached to pressure bars may be expected to have
response times less than 1 us, whichis sufident fa condtions o the sdit

Hopki nson pressur e bar ted.

Anct her devi ce usedto measure stra ninthe pressure barsisthe coax d condenser
or capadta. Athoughthe advancein stran gagetechnd ogy has dl but i nnat ed
the use of condensersinthe sgdit Hopki nson pressure bar corfigur aions, ther use

corntinues fa the 9 nd e pressure bar corfi gur &i on.
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Thei nstrument ati onrequiredf orthe sgit Hopkinson pressure bartesti nd udest wo
stran gage signd condtioners and a means o recordngthese signds. The stran
gage signd condtioners nmust have afrequency response of a |l east 1MHz and as
high as 10MHz. Until recently, osdlloscopes were used a nost exdusivdy to
capure andrecardthe puses. The refleced wave may be fedthrough an and og
inregaaotoyidda signd proportiond to stran Thus, the transnitted wave and
inegdedrdleded wave can befedto an osdlloscope wth x-y capahilityto drectly
yiddthe gress-grancuve

Wththe advent o predse hghspeed andogto d gtd recarders, itis possideto
d dgtizetherawdatadrectly and perfa mt hei rt egr &i on nuneri cdly. The aval allity
o the d gtized dat a d sof adlities ad ust ment of theti nnng bet weent he trans nitt ed
and refleced waves to account for the transt time through the sped nen; thsis
describedin nore detdl inthe section d ths sudy ontest li nit &ti ons.

For the cdibration of the system there are three methods proposed. The firg
methodisto nmake the cdilraion of the data acqu Stion system Inths nethod
firdlythe inddent bar wthou outpu bar and sped nenistested The maxi mum

stran occuredinthe bar can be cd cu aed as fdlows;

VO
e =_0 (531)
0

where, V, isthe striker bar vd odty. Thus, measuringthe stran a the bar the
systemis checked. Thenthe out pu bar added tothetest wthou spedmen. Both
strans are measuwred andthe systemis cdilraed agan The second methodisto
conird the unifa mty of defor metion For th's purpose, itis checkedif thetad o
rflecded andinddent strans equd tothetransmtted stran Asothe unfa mity of
the def or neti on can be observed by a numericd sd uion[ 43 44]. Thel ast met hodi s
to conparethe maxi mum def or neti on occuredinthetest by measuringthe find

leng h d the sped nen by a mcroneter. [17

527 L mtations

Srongineeginthe effect o stranrae on mechanicd properties has ledtothe
apdication of sdit Hopkinson pressure bar testingt echni ques a stranraestha are
a thelimt of, and perhaps beyond condtions fa a vdidtest. Sone necessary
condtions far a vdidtest are gvenin Equations 5 26 to 5 30. However, these

expressons are only approx nmete and do nat guarantee accuraetes resuts. The
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bas cli nit &ioni st he condtion of unifa mdef or mation wth nthe sanp e It has been
enmphasized tha ths prod emcanna be drcumvented s ndy by decreas ng the
lengh of the sanpl e because the aspect raio of the sped nenis spedfied by
cons derdaion of fridiond constrarn andthe balandng of error dueto radd and
axid inertial34.

As d scussed above SHPB techrique falsin two testing situaions because the
maxi num stran atanedisinsufidernt. One caseis whenthe desired maxi num
stran(otad rdaive dsdacenent)isveryi nportant. For exanpl g i nthe study of
the dynanmic behaviar of pdyneric o netdlicfoam the desred maxi num strda nis
oten upto 80%t oi nvesti gat et he densificaion phenonenon of those materids. A
lage dsdacenent duringthetest is dsorequiredfor the study of the dynanic
bucking o thn nmetdlictubes. Infad, sped nmens are effectivdy submttedtot he
desredstrd ns(because of therl owres sance) duringthetad ti nerema i ng after
the observaion wndow but nmeasurenents are nolonger possite ater thsti nme
limtinastandard SHPB[51]. So sonme nodficaions shod d be nade. An exanpl e
study for pdyneric materids SHPB testing can be foundin[52. Anaher caseis
whenthe desired stranraeisinthe med umrae (550 s?'). Thetechn que cannot

be appied because the maxi mum neasural e strd n becones too sndl.

Det er mnation o test validtyinthe sdit Hopki nson pressure bar experiment has
simiaed a number of andyses of wave propagation in the sdit Hopki nson
pressure bar test corfiguraion The nost extensve of these was at wo-dmensi ona
finte dfference andyds. This andyss considered the effeds o wave shape,
fidion sranrae andlenghtodaneter raio[34.

The opti mumdesi gn of a spit Hopki nson pressure bartest wod dcdl fa al ongrise
time during the dasticload ng of the sped men so tha the sped men wou d be
defar ning unifa nhy when the yidd stress was reached However, thisisrardy
possdetoach eve and a highstranraesitislikdytha the data may na be vdid
urtil a stran of 5 or 10%is achieved. The prod ens assod aed wth estaldish ng
unfa mdef or meti on wthinthe sanp e makeit very dfficdtto accura dy det er nne

the dynanic yidd srengh us ngthe sdit Hopki nson pressure bar.

The timng between the refleded and transmitted waves strondy affects
inapedion of the test resdts & high stran raes. Typcdly, strdan gages are
p aced equid gant fromthe sanp e anditis assumedthat these waves arrive a t he
respective stran gages a the saneinstart. There aretwo sources of erra that

afed ths assunption The firg isthe trandt time t hrough t he sped nmen, whichis
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deter nined by the dastic sound vd odty and the sped nenlengh This eroris
pred dald ¢ decreases withthe bar d aneter (far a constart aspect rai o sped nen),

andis eadlyincaporaedirnothe daareducton procedure

However, anaher source of era is the trandt time a the i nperfed
sped nmen/ ressure bar interfaces. Thserarisfarlessreprodud e does nat scd e
wth bar daneter, and may be aslage as 1 or 2 us. Uncertdrtyin the ti nnng
bet ween the reflected and transnitted waves afeds the predded stress-stran
curve, because the strain and stress are derived fromthese signds. Ths error
increasesthe uncertdanyinthe measurenents asthe stra nraei ncreases and sets
the practicd li nit of sdit Hopki nson pressure bar testingd osertoastranrae o 10°
s'thanto 10° s*.

528 Q her techni ques of Hopki nson bar

The Hopkinson bar is dso used intenson torson and shear. A nunber of
experi mentd fix ues have been devd oped, and sonme of themare shownin R gure
5 9a(fartenson). InFHgure5 Ab)the conpressive pu se ‘by passes’the sped nen
because of acdla.Itisdlowedtorefled & afree surface andreuns as atens on
puse And her arrangement, using aninerttid bar, is shownin Fgue 5.9(c). The
striker tube (onthel &t) i npactsthe mai ntube causing a conpresson puse This
conpress on puse acts on the sped men, pulingit totheright. The inertid bar

counteracdsthis Theresutistens on acting onthe sped men.

S

(-Smker tube
A b

(c) [ 48
o 7 i vy
Inertial bar ksfroin goges-}

o [ B=5

Striker tube

Fgure 59 Sonme setups for testing speci nens i n Hopki nson bar i ntension mode: (a hat-
shaped speci men; (b) colared speci nen; (¢)inertid-bar confi guration; (d) colari npacting bolt
head [1].

60



For shear stress-shear strdan daa tadond bar (FAguwe 5 9a)is the proper
ingrurment. Torsond energyisrdeased by braking a d anp. Atubd a sped nenis
sheared by ths wave. One can dso creae shear stressesin a sgit Hopki nson

pressure bar by us ng a hat-shaped sped nmen, shownin Fgue 510 (b).[1]

Torsion apparatus Specimen
~Clamp
oA @ ity iy _l
s s (e S = = =

Stored -

torsional

energy
(a)

.
é

(b) Shear concentration region

Hgure5.10 (a) Torsi on Hopki nson bar for pure shear configuration; (b) hat-shaped speci nen

for shear stressesin spit Hopki nson Pressure Bar [1].

5.3 Qher Hghstranrae experi nents

531 RodI npact (Tayl or) Test

The mai na mof the Rod| npact Testingisto deter nine hi gh stra nra e constit uive
behavior of materids In1947thefirg nmethod wastha (Fgue 5 11(a) arod was
accd aedinoa' ‘rigd’ pdae The dastic def oomation a thei npact end shortens
therod, andthefraciond changeinrodl enghcan by one-d nmensiond rigd-d astic
andyds berddaedtothe dynanmcyiddstrengh Thi srd aionsh p was shownt o be
independent of baththe rod aspect raioandt heimpact vd oatyfa a wdevarigy of
mat eri d s, i nd ud ng copper, | ead, and various sed s[34].
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Before impact After impact

Specimen rod

~—- 7 m

NI

Rigid
wall 4

N

Identical specimen rods

/ N
XN —n Ny

{b)

Fgure 511 Symmetricrodimpact tests a anbient tenperaure[1].

Twenty-five years ater the orignd Tayl o tests the use of t wo-d mensiond wave
propagation codes enabled a better understandng of andrenewedinerestinths
techrique In 1972 WIKns and Gunian [53, usng a two d nensiond firte
dfference code and an d astic-dastic nodd with work hardening were ableto
carecly s miaethe find shapes and find lenghs o Tayl or test sped nens of
severd netdlic dloys aa anbient tenperaures. Thear resdts showed good
cord aion bet ween the dynamc yidd strengh and the fradiond change inrod
lenghfar a wderange o i npact vd odties and rod aspect rdios, thus confir nnng

many o the aignd test cond us ons.

Recently, Sy mmetric and Asy mmetrictypes of Rod | npact Testingis devd oped.
The Symnetric Rod Inpact Testing has i nportance because o the man
modficaion tha was made the fundanentd changes. Ths was the second
modficaion o the Taylor Test. The second modficaion wastoredacetherigd
pae wth ana her rod of t he same geonetry andthe meterid asthei npacti ngrod
(Rgure 5 11(b). Ths arrangenent dlows thei npacting ends of thetwo sped nen
rods to deform together symmetricdly, thus di mnating boundary condtion
uncertariesinthe andysstha arisefromthe unknown fridion condtions a the
roddaeirneface and fromthe defor netion of the rigd pae ad acent to tha

inteface

In bath symmetric and asymmetric rod i npact tests the heae assendly (for
devaedtenperauetests) andthe sped nenrecovery p pe are d aced innear the

muzz e of the gas gun. Thetarget dignnment daeis ad ustedsothatitisconcentric
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wththa o the gun barrd, and onitthetarget assenbly contarnngthe sped nen
rodis mounted positionedto be concentric wtht hefron target support pae The
prg ectil ei si nserted a the breech of the gun, andthetarge chanberis dosed and
evacuatedto desired pressure The gas gun breechisthen pressurized, andthe
sped nmenis prehea edtot he desiredt enper @ ure. Thefiring sequencet hen beg ns.
The def or neti on duri ng the experi ment i srecorded by a hi gh-speed camera Then
the prdiles o the deformed rods (Fgue 512) are ddtized fa subsequent
compari son wth conputer 9 md dions.

-1 usec +10 usec

+1 usec +15 usec

+4 usec

+7 usec +30 usec

F gure 512 Slhouettes of 4340 sted rods duri ng sy mmetrici npact a 457 mis[34]

Det er mnati on o the dynanicflowcurve of a meterid fromarodi npacttestis made
by compuaiondly smul aing the experiment wth a two-d nmensond wave
propagaion conput e code. The flow paraneters are varied urtil the conmput ed
prdiles agree wththose deter nnned experi mentdly a various ti mes during the
defor mation higary.
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The sped nmenrods are dvidedirnto a series o rectangu a zones, or comput ai ond
cdls each of which inthe cylindicd geonetry appropriadetotherodimpact tegt,
represents an annu us of revd uion abou therod axis The corners, or rods, o the
cdls are gven an appropriaeirtid vd odty. Thenthe subsequent node vd odties
and the resuting rod defor netion are determined by sdving the Lagrang an
equations of notionfa a continuous medum Figue 5. .13 shows the orignd, an
inrernmedae andthefind cdl pdilesfa atypgcd test s mi &ion

Prior to impact

Plane of impact

Cylindrical
axis

b us after impact

30 ps after impact

Hgure 513 CdI outlines a threeti mes during s mul aion of symmetricrodi npact [1].

Ara eindependent d astic-d agtic nodd wth work har den ngi s usedt o descri bet he
p astic def o netions in each cdl. Various flow curves are tried A quas-gaic
conpressve or tensleflowcuveis a good starting parnt becausethere arefew
dynamc curves to be found in the liteadaue The conputed resuts are then
conpared wth the experi nentd resuts urtil agreement wthnthe experi mentd

erroisoltdned

Conputer s mu i ons have corfirnmedtha the pasticstranrae as wel asthetad
stranandthetenperaureresdtingfromthel ocd @ astic work, varies significartly
as afunction of tine and axd andrad d position wthinthe sped men rod For a

particd a axid | ocation stranraes (dther peak or average) dongtherod axis are
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dtenthreetof our ti mes hi gher thant hose near the peri phery. Aso, thereis dften an
order o magnitude dfferenceinthe stranraes among | ocaions near thei npact

inteface and | ocaions one-rod d anet er d & art.

The experi mentdly measwredrodthickness a a particda axid positionis nat the
resut o aregon of mateid undergd ng defar metion a a spedfic stranrae but
rahertheresut o variousregons of meterid defor ning & arange of stranraes.
Thereorg the rod i npact technque shoud nat he viewed as a method for
accuadydeter mmnngthe strdnra e sensitivty of theflowcurve over the range of
stranra e observedinthetest, namel y bet ween about | 0* and 10° s*, butra her as
a neans d de e min ngthe average flow curve over tha range

5.3 2 Expand ngringtest

The ather common met hodin high strantestingis Expand ng Rng Test. The main
dfference of thistest from ot hersistha, thel oadtypeistens oninths techn que
The expand ngringtest isa highy sophistica ed techn quefo suljeding metdsto
tendle stran raes over 10" s'. Athough the testing prindde is singe its
perf a mance requres sped dized equ pnent avaladein ony a fewl abora aies.
Theringtest can deter ninethe hi gh-ra e stress-stra nrd aionsh ps, but a s ngified,

mor e wddy used vers on can be enpl oyedto deter mne Uti nete sranonly[54.

Explosive

Hollow Ring
cylinder koot
oc!
wave
Guard Detonation
Ring products
Guard Interfe- (pressure)
romeftry (a)
Expanding
ring

(b)

Fgure 514 Expanding ring technique (a) steel block wth explosive in coreg
(b sections of cylinder just after det onati on and duri ng flight of ring; (¢) section of ring [1].
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Hgueb5 14 shows a poss Hearrangenent o the expand ngring The sted cyinder
has a core in which we detona e an exd osve A shock wavetravd s outward and
entersthe netd ring propdlingitinatrgeaay wth an expand ngradus (FH gure
5.14(c)). By measuring the vdodty hsgay o the expandng ring by |aser
inafeomnetry, one can determ nethe stress-sraincurve of thisring a thei nposed
stranrae The mat hemeticd derivation of these equationsis stra ghtfaoward andi s
gven bd ow Let us consder a snmell segnent of adrcda ring wthradiusr [Rg
514(c)]. Theringis subjeded duringflight, to Newt oris second |l aw just like any
a her movi ng olj ect. The stress actingonthe ends ofthissegnentis a Ifthei nstan

taneous cross-sectiond areais A thefarceis ca. If pisthe density of the mat erid,

we have
F=ma
2Fsind79:m& (Egn. 5 32)
yiddngta
de 1dR
E:EE (Egn. 533

To obtan stress-gran datg radd dsdacenment as a fundion o ti me nmust be
cdcduaed Rng dsdacement can be ohtaned through the use of high-speed
pha ography, streak cameras, dsdacenent inerfeonetes o o her methods for

measuring rad us as afunction o ti ne.

Theringtest has two prindpd advantages. The expand ng ringtest subjectsthe
materid to a stae of dynamc unaxd stress wthou the wave propagation
conplicdionsthat accompany ather hghstranraetests. Aso the maximumstran
radae avaladeintheringtest is higher thanin any aher common tensontests

invdvnglage dadgic gra ns.

Sranraeinthe expandngringtest is na usudly constart. The stranraeis
computedfrom(dR d))/R and bath of theseterms vary continudly. Sranraeis
usudly greatest a the stat o ring decd eraion when stranis sndlest. Va uesin
excess of 10" s* arereadly obtaned If thering does nat rupture the stranrae
fdlstozero a the end d thetest.
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R ng sped nens d so experience a conpressive prdoadintheradd drectiont hat
oten exceedsthe vidd stress duringthe accd eration phase Becausel oad hi story
is known to afect the subsequent stress-stran behaviar o many nmaeterids data
oht @ nedfromexpand ngringtests do na d ways agree wthresutsfromothertests

a dighlylower dranraes.

The dfficdties, expense, andli mtaions of the expand ngringtest pred udeits use
as a standardtest technique for generding high stranrae stress-dran datain
tens on However, if sujecing a materid to high stranraes intenson wthou
deter nning stress-strandatais of pri maryirterest, the expand ngringtestis nmuch
ead er to conduct. Here the accurde deter mnation of radd dsdacement versus
time is na as criticd, because stresses are not cdcdaed Less predse
dsdacenent data provide reasonady accurae deter ninations of stranrae The
ambi guty aridng from posside stranrae hstay efeds still exss when the
expand ngringtestisusedinthis s nd e nmanner.[]]

5.4 Reasons for the Sd ection of SHPB Test for the S udy

Frdalyit shod d be nentioned that, a the begnning of theliteauwe rev ew Sgit
Hopki nson presswre bar is found to be the nost used experi mrentd method for
obtannghghstranraebehava o nmeteidsinthsaread research Ate having
futher knowedge about the subjed, the spit Hopkinson pressure bar test is

sd ectedfar des gn because d the fdlowng reasons:

e 9 nce sdit Hopki nson pressure bar test isthe fird devd oped one anong a hers,
there have been nunerous researches onths technque Thus, the prind de and
weaknesses of the technique is wel understood Asordaivdy nore liteeaue

sourceis avadlad e

e The mai n dfference of t he Spit Hopki nson pressure bar anong ot hers isthat, we
do nat cond der t he wave propagati oni nthe sped nen, but i nthe pressure bars. So
we do na needto deal wththe g astic waves, instead the d astic wave theory
becane mg o suljec inthe evduaion Moreover, dastic wave theoryis nore
devd oped and eas & to understand than the dastictheory. Aso compu &ion of

d astic behav or variadesisrd divdy ead er.

o As d scussed earlier, in sgit Hopki nson pressure bar test one-d nensond wave
propagationis enfaced Sotheory of thetestisthe nost understood and devd oped

one duetothe ead ness of equations o one-d nens ond wavetheary.
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e Recently, the instrumentaion for nmeasuring dastic defor nmetion is eas e and
cheaper than the instrumentaion fa neasuring pagic defar mation Thus daa
acqu dtion becane easiea and faster. It shodd be naed tha thereis a huge
dfference between instrunentaion price for measwing dasic and pastic
def or neti on

e Asothe apparaus of the sdit Hopki nson pressure barisrd a&ivdy easyto modfy
fa dffeent type d neterid tesing
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6. DES GN OF A SPU T HOPKI NSON COMPRESS ON BAR APPARATUS
FOR TESTI NG STEELS UNDER DYNAM C LOAD NG

The detaled strucure o sgit Hopki nson pressure bar testing was dscussed in
Chapter 5 It can be clealy understood tha some conponents of thetest are
couded wth each aher, internms of designissues. These conponents are
sped nen, striker, ind dent and out put bar. Theref arethese conponents shou d be
des gned accardngtothe desired meterid. Al the ot her conponents such as gas
gun, support system and other datainstrunentation are staionary. Inths chapter
the ded gn d a sdit Hopkinson Rressure bar tesingfa sedsis nmade.

The sdected stranraerangeis bet ween 10° s*- 10° s*, andthe designis made
sot hat the maxi mumstra ni s obtd ned at t he sped nen, whi chi s bet ween 20 % 25 %
fa the SHPBtegt.

6.1 Design o Speci nen and Pressure Bars

Thelengh andthe d ameter of the cyindicd sped men are sd ected based onthe
liteadwerevew[5562 andthe | /d raio(wichis 05 to nir mzethe fridion

effeds. The d mens on of the sped nen can be seenin Hgue 61

1040.1

4] /

Hgure 61 GQfindricd specimen d mensions for SHPB
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Our suggestionisto nmakethe sped nmen d aneter as a variad ef o observingthe

efeas d | /d, rdioontheresuts

The materid ofthe barsissdedtedas A S Gade 350 Marag ng sted, which has a
yiddstreng h of 2500 MPa, d astidty nodu us of 190 Gpa and density of 8 g/ cnf.
The vd oaty d dastic wavein bars can be cd cu ated as fdl ows,

6
C, =1/—190;‘10 — 4873m/s

As mentioned bef ore per nanernt def or netionin bars shod d be avad ded. Mor eover

the maxi mumstrdan occurredinthe barsis cdcu ated as fdl ows;

_% _ 200 013

E, = =
bmax E - 190x10°

A'so from Equation 5 31, the dlowahb e striker bar vd odty can be cdcu aed as

fdlows;

V,

Omax

=2x0.013x4873=127m/s

Theleng h d the striker bar can be cd cd a ed by the equations 5 29 and 5. 30,

fo &10°/S, | erme = 48mMm

fo &10°/S, | ierm >480mMmm

Sothelenghof the striker barissdecedas 480 mm To sati Syt he propagati on of

one-d mensiond dastic wave propagation Rbar [ Avdue shoud be too much
smele than 1 where Aisthe wavd engh and equasto 2l ;. . - The vd ue of

R, /Ais sdeded as 0.0L Sothe dameter of the bars can be cdcuaed as

fdlows;

R+"af =001=>R,, =9.6mm=4d,_, =19.2mm

2|stri ker bar
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Nowldas cdcdaethefind danete o sped nen afte defar netionto seeif the
danete o the barsis adequatetoensuretheful contac a thefind dameter. Note
tha the find dameter of the sped menis cdcdaed wthregardtothe desired
maxi mumstran whichis 25%

&= In(lﬁlﬂ) =0.25=l;,, =7.786mm
0

Now the find sped men daneter can be cdcdaed accaodng to constancy of

vd une as fdlows;

2 2
ﬂtlio :”‘Ijﬁneu =d,, =11.33mm

0 final
It can be seentha sdectingthe bar dameters as 19 mm wou d bath ensure ful
contact d bars and spedmen and saidy one-d nens ond d astic wave propagati on

Therefae the lengh o the bars can be cdcuaed as fdlows to enforce the

maxi mumstran

;bi =100=d,, =1900mm

bar

Notetha s nce ony one waveis measured at the out put bar thelengh of the bar
can be sndlerthantheind dent bar. Sothel engh of the out pu bar can be sd ect ed
as 1500 mm

The des gned d nmensions of the sped nmen and bars are summarizedinthetalde
bd ow

Table 6 1 SHPB Conmponent d nensi ons

Co mponent Length D ameter
(mm) (mn)
Sped nen 10 10
Ind dert bar 19 1900
Out put bar 19 1500
Sriker bar 19 480
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6.2 Assenbly and Qher Conmponents

Infigwe 6.2 the schematic view of SHPB apparaus can be seen. The range
bet ween bearingsis sdected as 250 mm and bet ween ground supportsi s sd ected
as 500 mm The strdn gages arelocaed 1 m fa fromthe sped nmen onthetwo
bars.

bearing and input (incident) bar specimen  output (transmitter) bar  soft disk end

AN U A

i

504

support profile ground support

F gure 62 Schenatic view of conponents of SHPB

The support prdileisthe supporte for the whde system The d nensions of the
suppot prdile ae sdected asin Fgue 6 3

//lo02]a)
300
(e
™ | |0.02]a
(e
o2
200
(e
™ | |o.02|A

B

F gure 6 3 The d nensions and geonetry o the support prdfile
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The lengh o the support prdfileis sdected as 4000 mm in order to hand e
sped nen, i nput and output bar andthe sot end. Asothe nmaterid o the prdfileis
sdecded as S 50 Sncethe dignnment o the systemis veryi nportart inorder to
saidyone-d nens ond wave propagati on t heflat ness o the upper andl ower f aces

shou d have d osetd erances, whchissdected as 0.02 mm

Ancther conponent inthe apparaus is the bearing suppoter. The des gned
d nens ons and geometry d the beari ng supporter can be seen bd owin Hgure 6 4

SECTION A& 4
A - . i
o] YA,

30 75201
L. .
sl ]
el — 3 [
= //10.01]A i =
| 20
______ e i g_{
A— [a] S0

H gure 64 The d nensions and geonetry o the beari ng supporter.

The nmeterid o the bearing supporter is sdected as § 37. The damgter of the
location where bearing is nounted, is sd ected as 60 mm whichis nuch hi gher
than bars daneters. Ths sdedionis made for the systemfl ex blity. For o her
experi ments, the bars di nensi ons can be changed and wththe sutade bearing

th s supporters can be used aga n

The des gnedlinear bearingforthe actud bar d mens ons can be seeninFigue 6.5
The materid d the bearingis sdected astdlon
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F gure 65 Linear beari ng d mensi ons.

The assenmby of the bar wth bearing andt he bearing wth supporter systens can
be seenin Hgue 6.6 The bar is assenhl ed wththe bearing by a d earancefit o
0.1 mm The bearingis mountedto beari ng supporter by 4 bdts 2red aced at t wo
sides. Thisis doneto arrange the horizontd alignment of the bars. The bearing
supporteris mourntedto the support prdile by a m dd e supporter and 4 bdts The
materid o the mdd e supporterissdeded as S 37. There aret woreasonsto use
ths nidd e supporter. Thefirs reasonisto avadthe ware of support prdfil e upper
face becauseitis machinedto befla and pardl €. The secondreasonisto arrange
verticd dignment o the bars wththe nus. A dd indcao is used to check
dignnment d the bars.

MM
i

| ———bearing

bearing supporter
middle support |

support profile

Fgure 66 Assenbly o bearing conponents and bar.

74



A ground support wth a square cross sectionis usedfao stand ngthe appara us. A
schenaticviewof this arrangenent can be seeninFH guwe 6. 7. The ground support

conmponents are nounted wth weddng and ground support is nounted to the

i i\ support profile

S,

support prdile by two nuts

ground support

600

Hgure 67 Schematic view of support prdfile and ground support assenbl y.

A detdledviewwherethe ground support nmeets ground can be seenin Figure 6.8
Two-nut systemis used bet ween the ground support and whed. Thisis doneto
arrange dignment d the support prdiles. This dignment is checked by a sgritlevd.

10

ground support

40

&R
N

F gure 6.8 the detal o ground support end.
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A the end of the system the outpu bar meets wth a cylindicd sdot dsk of a
pdyneric meterid wtha danmeter of 60 mm The sdft d sk support componert can
be seenin Hguwe 6.9 The sdt dskis mountedtothe conponent by fouw nuts, t wo
red aced a two g des.

A SECTION A-A
1 -
------ .
46 N =
|
ip|
15. 20 i 30 7550,
Al ZNZ
_____ = //To.01]A Lﬂl
H 20
- A W
0

F gure 69 Soft d sk support conponent.

To arrangethe dignnent o the sped nen, thetod seenin H gure 6. 10i s des gned.
Frdly, the sped nenisrefd acedtothe out pu bar wththehdpofthistod. Thenthe
inpu bar meetsthe speci men. Andthenthetod is puled out. The sped nen st ands
inits g ace by | ubricart, whichis sd ected as md ybdenumd sufide by aliteaue
redew The cross-section is sdedted as sem-drde to nake pul out non
destrudive

specimen alignment tool

10

S
(@)
Vi [P A
555

\
_/

___\\
~
5
&
3
!
]

loet—

specimen output bar

F gure 6 10 Speci men dignment tod.
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6.3 Gas @Qun

Two nostly used systens are proposed f o the gas gun The fird systemcan be
seeninHgue6. 11 Therearethree mg o parts a breech contari ng gunpowder; a
punp tubefilled wth alight gas, tygcdly hydrogen; and a barrd far gu dng a hi gh-
vd odty prgedileto the target. When the projedile hts the targe, the i npact
produces a hi gh pressure. Thesetypes of guns are drivenintwo stages, firg wth
gunpowder and then wth aligh gas such as hydrogen, hdium or nitrogen. The
smell e guns can d so be used as a sing e-sage gun driven only by gas. Hot gases
fromt he bur i ng gunpowder drive a heavy p son downt he punptube, compress ng
hydrogen gas. Th s gas, the second-stage driving med um is conpressed before
the gas breaks the rupture vdve The gas then accd erdes prgecile down the
barrd toa nuzd e

Hydrogenis used asthe second-stage diving gas becauseit produces the Hghest
prg ectile ved odties rang ngfrom4to 8 kiloneters per second When hydrogenis
used as a sinde-stage gun, the vd odties of the smdlle guns range from 100
met ers per secondto 1 kil onet er per second Vel odties are det er mined by carefuly
sd edtingthe gunfiring paranetes thetype and amount of gunpowder, the driving
gas (hdiumand nitrogen ar e usedf o vd odties bd ow4 kil onet ers per second), t he
pressurerequredto opentherupure vdve the danete o the barrd, and the
mass of the prgedile Natetha inour systemt he desired vd odty of t he striker bar
is 127 mis. So a sing e stage gas gun driven wth hydrogen wll be enoughfar the
systen 63.

Stage one

Breech

Pump tube

ot o [Fiston |t Hyorogengas )

Impactc-r'/ Barrel

Rupture valve closed

Stage two Rupture valve open

Hat \‘
T

/ Hydrogen gas

Impactar

Fgure 611 Two-stage gas gun[63].
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Ancther proposed gas gun systemcoud be seenin Fguwe 6.12 Ths gas gun
cons &s o four nmg o components. The pston accunu aas, gun bush ng andthe
gun barrd. To prepareforfiring the g sonis pushedtothefa end o the gun barrd.
The striker i s positioned as shown bet ween the pison and the gun bushing The
accunu aas are pressurized wth nitrogen Thetwo o-rings onthe pston prevernt
the gas fromentering the gun barrd. To firethe gas gun the pgon is pushed
fa werd by flowng nitrogent hroughthe d eed hdeinbehindthe pston Th sflowis
contrdledusngasdenddvdve daced a the end of the d eedline sothat theline
can befulycharged beforethe vd vei s opened Oncethe p stonis pushedf o ward,
the sed bet weentherear o-ring andt he gun barrd i s breached andt he pressuri zed
ntrogeninthe accunmu atas entersthe gun barrd. The expand ng gas propd sthe
p ston dongthel eng h of the gun barrd urtil itimpactsthe end o the gun bush ng
The pstonthen stops, rd eas ngthe striker totraved theleng h of the gun bush ng
whereit wll i npact theind dent bar. Asadt bufferis d aced bet weenthe p ston and
gun bush ngto cush onthei npact. Ater firing the couding nut isrenoved andt he
gun barrd is puled off o the gun bushing sotha the pson and striker can be
pushed backi rt ofiring position The sun barrd is nounted onto aral syste mwhi ch
dlows the gun barrd to dide on and of the gun bush ng sothat the striker bar and

[ ston can be repositi oned [ 64].

Suppi

Gun Bushing
O-Rings Gun Barrel

\\\

%

Piston

Coupling Nut

Supply Accumulator

Fgure 612 Gas gun system[64].
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7. MATER AL CHARACTER ZATI ON BY THE DATA OBTA NED FROM SPU T
HOPK NSON PRESSURE BAR EXPER MENT

Inths chapter, the materid characterizaion by the daa obtaned from sgit
Hopki nson pressure bar test andt hefitting of Johnson- Cook constit Ui ve equati oni s

shown.

7.1 Formngthe Sress-Sran Dagram

The figwe bd owis atydcd response of sdit Hopki nson pressure bar test. The
tested neterid is copper [1].

(Inverted)
500 |+ :
2 Transmitted
Pul
1.875 | 2
1.250 i
0.625 il

Reflected

STRAIN IN BAR, x 1073

0 Pulse —
-0.625 A
Incident
=280 Pulse i
-1.875 7
'2'500L | | | | | | | ] | i
9.48 88.84 168.20 247.50 326.90
TIME, us

Fgure 7.1 Spit Hopki nson Pressure bar datafor copper [1].

The bar and sped nen dmensi ons wththe mechan cd properties are asfdl ows:
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Samp e Copper (E=130 GPa)

Conpresson bars Marag ng sted (E=210 GPa)
Sampedaneter: 7.7 nm

Samp elengh 10 mm

Density d Sanple 89 gcni

Density o bars 7.9 gcnt

Bar daneter: 127 mm

Frdlylasfindthe vd odty d the d astic wave, G, inthe bars,

C, = Bur _ \/ 210040° _ g1 60m/s
pbar 7900

The areas o the bars andthe sped men are as fdlows;

2
_2T 1067510 m?

A=A

2
0T 47 4510 m?

A=A

Nowleastakefive pdnisfa asanp ecdcddiond dress and strdn

Table 7.1 Sanple pantsfor deter mning stress-stra n dagrans.

Poi nt Ti me (ps) €R eT
1 268, 087 0, 0013942 0, 0010096
2 271,028 0, 0014087 0,0008413
3 273,969 0, 0014087 0, 0009135
4 276,91 0,0014423 0,0008413
5 279 851 0,0014519 0,0007692

Ref erringt o Equations 5.25t he stress and stran occurredinthe sped nenfor the
sdeded pans can be cdcdaed as fdlows. Natetha, theinegd vdueinthe

stranfa mid @eisfound by cd cd aingthe area under the refl ected wave curve
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Table 7.2 Cdcu aed stress-stra n vd ues.

Pont | o=E(A/A)g (t)(MPa)

e(t) =—(2C, / L)ngdt

1 481 0,03671237
2 486 0, 04369075
3 486 0, 05033539
4 498 0, 05698002
5 501 0,06304818

The cdcd a@ions werefurtheredto olta nthe stress stran datafo the copper and

thefdlowng gaphisfound

700

600

500 -

400

300

stress (MPa;

200

100

4

0 0,02 0,04 0,06

0,08

strain

0,1

0,12 0,14

Fgure 7.2 Sress-3ra n curve obta ned by the datafrom SHPB

7.2 Andysis of Sress-Sran Dagrans Obtaned at Dfferent Sran Rates

and Tenperatures

Inthischapterthe datatakenfromreference[ 25 is used Thsstress-draindatais
obtaned wth SHPB test fo AS 4340 sted, a dffeent stran raes and
tenperawes by Lee and Yeh. The dat ai sread fromt he graphinthe paper andre-

pa onthe next page.
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Stress (MPa)

4340 steel SHPB results Figure 7.3

1600 Stress-strain
] i T=25C
. -
| curves for
1400 1 /‘{-,/X - AISI 4340
’ steel,
1200 obtained at
T=300C
different
1000 strain rates
and
. — « T=500C
800 — e — e — — — 4 temperatures
with SHPB.
. . + T=700C
600 T e L el e —————
T=900C
400 — _ R .
PR p—— g e T=1100C
o g ey s =T = — - — & 4
500 4 - - T Strain rate (1/5n)
] () ® Y X +
] 25 | 1531 | 1043 | 836 | 503
] 300 1854 | 1507 | 1109 | 716
0 R e 500 2424 1 1891 | 1200 | 810
0 5 10 15 strad (o) 25 30 35 4017700 | 2715 | 2269 | 1631 | 1216
00 3216 | 2558 | 2114 | 1437
1100 | 3330 | 2718 | 2236 | 1583
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7.3 Eva uation Accord ngtothe Work Hardeni ng Law

The stress-grdancurves inH gure 7. 3can be descri bed by a generd enpiricd wor k-

harden nglaw vith dfferent naterid constants, as proposed by Ludwk

oc=A+B¢" (7.0
where A represents a constart, dten yidd strengh nis the stranharden ng
exponert; and Bis a proportiond fadt ar.

Al the curvesin Fgue 7.3 arefittedto Equation 7.1 and constants are obtd ned.
Fralyaccordngtoths modd, the effeds of the stranrae andtenperaure onthe
yidd dreng h can be seen on Fgure 7.4

1400

1200 o O
[ =

& 1000
S - _25C
= ~m 300C
S 800
= —A—500C
o A/k/‘/‘ —%X—700C
5 600
® X//X/x/’9< —%—900C
©
= —e1100C
2 400
” Xo Xy Xe e

200

0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500

strain rate (1/s)

FHgure 7.4 The variaion of yied dstrength of A3 4340sted withstranraefor different test
tenperat ures.

Secondy observing Fgure 7.5 the materid constant Btends to decrease with
increase of the stranrae and tenperaues excep 900 and 1100°C A room
tenperauwe constant B drameticdly decreases wth stranrae bu a e evaed
tenperauwesitisindependent d the drdanrae
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3000

2500

2000

1500

B (MPa)

1000

500

—e—-25C
—=&-300C
—A—500C
—X—700C
—X—900C
—4—1100C

500

1000

1500 2000

strain rate (1/s)

2500

3000

3500

Fgure 7.5 The variaion o materid constant B wth stranraefor dfferent test tenmperat ures.

H ndly, the vari @ion o the stra n-har den ng exponert (n) wththe stranrate can be

seena Hgue76

0,8

0,7

0,6

0,5 1

04

0,3

0,2

strain hardening exponent, n

0,1

500

1000

1500 2000

strain rate (1/s)

2500

3000

3500

—8—25C

—8—300C
—4&—500C
—%—700C
—*— 900 C
——1100C

Hgure 7.6 The variaion of stra n-hardeni ng exponent, (n), wth stranraefor different test

tenperat ures.
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7.4 Sran Rate Sensitivity

The dependence of flow stress on the stran rae can dso be presented
quartitaivdy by a paranete cdled the strdn rae sendtivity For a materid
defar ning wth aher md behaviar, tHsvd ue has a verylowvd ue as exgdanedin

Chapter 3 The drd nrae sendtivity, mis defined as fdl ows:

_In(c, -0,)

CIn(&- &)

Fomthe datain Fgure 7.3the strd nra e senstinity vari aion wth stranat 300°C

(7.2

and 900° Cis ot d ned and can be seenin Rguwe 7.7 and 7.8

0,6
T e e —
>
S
= 0.4 e 1954-1507(1/s)
2 ‘\
%03 —m1507-1109(1/s)
(&)
“B’ \‘//‘\‘
e 1109-716(L
= 0,2 —A—1109-716(1/s)
o
“ 0,1

0 T T

0 0,05 0,1 0,15
strain

F gure 7.7 The variaion of stran sensitivity wth stranand stranrae a 300°C

0.45
0.4 .
= 035 | @

— @ 3216-2558(1/s)
0,25
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o
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o
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o
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o
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strain rate sensitivity
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0 T T T T
0 0,05 0,1 0,15 0,2 0,25

strain

F gure 7.8 The variaion o stransensitivity wth stranand stranraea 900°C
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7.5 Det er nining Johnson-Cook Equati on Constants

The datatakenfromHAgure 7. 3isfittedto Johnson Cook def or neti on constit uive
rd aion (Equation 4.2). The reference strdan is taken as 504 /s and nelting
tenperauwe d AS 4340istaken as 1473 K

Non-linear regresson andydsis usedfa daafitting For ths purposethere are
severd sdtwere avalable However, NCSS 2001lisfoundto bethe npst sutald e

satwere, whch can eadly fitthe daafa a gven equation

The Johnson- Cook equation constantsfa A3 4340 sted isfound as fdlows;

A =1140 MPa
B =634 MPa
n =0 2731439

C =002618754

m= 0. 8884877

and, equdtion became as bd ow
& = (1140 + 634z,"°") (1 +0.0262In &)L —T,"*™)

Accordngtothe conputed constartsthe errar vari aion wth stran can be seenin
Fgue79 Notetha ‘resdud rdestoerra, whichisthe dffeence betweenthe

measured and cd cUd & ed stress.

Residuals vs Predictor

150,0
87,5 ° o © ° o °
v o . o ¢
© o ® °
> °
S 250
n o ® °
G.) ° o
m ) ° .. ) °
375 . * : °
-100,0+
00 01 02 03 04

strain

Hgure 7.9 The variaion o errors wth stran accordngtothe cd cu aed constants.
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stress (MPa)

strain rate = 500/s
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B.: measured values : predicted values
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Figure 7.10 The comparison of predicted and measured values for AISI 4340 steel

stress (MPa)

deformed at a strain rate of 500 s_1
strain rate : 1500 /s
1800
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1600 — - .|
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0 0,02 0,04 0,06 0,08 0,1 012 0,14 0,16 0,18 0.2
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B.: measured values : predicted values

Figure 7.11 The comparison of predicted and measured values for AISI 4340 steel

deformed at a strain rate of 1500 s_1
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The measured vd ues and cd cu @ed vd ues are g a bd owf o observingt he fitti ng
dearance FomHK gue 7.10 7.11 and 7. 12the measured and cd cd @ ed va ues f or
A 9 4340 sted a stranraes o 500s*, 1500 s ' and 2500 s * respectivdy, can be
conpar ed
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stress (MPa)
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B.: measured values : predicted values

Figure 7.12 The comparison of predicted and measured values for AISI 4340 steel

deformed at a strain rate of 2500 s_1
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8  APPL CATI ON OF JOHSON COOK EQUATI ONIN A BALLI STI C
PENETRATI ON PROBLEM

8 1 Defintion o the Case & udy

The @ maf this case studyisto observethe pendraion o a‘‘bdld’ wth a high
vd odty, nanmely 1000 nis, toa’ ‘tage ' by Exdidt A rite Henent Andys s Ansys7.0
LS Dyna modueis used fa andyss The geonetries o the targe and buld
(Fgue 82 can be seen bd ow

The mg o d mens ons are as fdl ows:

Table 8 1 The ng or d nmensionsinthe nodel.

Bul & Rad us: 15 mm
Rad us: 100 mm

Tar get

Hei ght: 5 mm

O stance between | 15 mm
bula andta ge:

F gure 81 The bul & andthe tar get.
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8.2 Henent Type and Meshi ng

Boththe bule and target are noddedin wth 3-d nensiond denents nangy
SOL D164 Aso Mesh Facet 200 nul denent is usedfo unfa mmeshing FArstly
the base geonetries are crea ed and meshed wth MESH 200 (F gure 8 2), andt hen
these 2D noddsareraaed bytheaxis(Hgue8 3). The 3- D neshed modd o the
buleg andtarge is oltained by red ad ngthe Mesh Facet d enment by SOLI D 164

denment duingradaion

N N R AR AR AR TTTO

F gure 82 The 2D model meshed wth Mesh Facet Henent.

There are 5453 nodes and 3840 d enentsinthe nmodd. Inthefirg andyss, the
thckness of thetargetis meshed wthone d enment. Infuther andys s the ha ght o
thetaga isdvidedintothree d enents.
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F gure 8 3 The bule andtarget neshed wth SOLI D 164 € ement.

83 Materid Mddd, FalueCiteria and Cont act

A3 4340 sted is sdected asthe naterid o buld andtarge. Rastic ki nemnetic
hardering met erid nodd and Johnson- Cook materid nodd s are used tos mu a e
the behaviar o buld andtaget, respectivdy. LS Dyna has these nodd sreadly
andthe neterid constants which can be seeninTade 82 and 8 3 ae used

Table 82 Rastic k nematic hardening naterid nodel constantsfor AS 4340 sted [72]

Modul us of Hastidty

210000
(MPa)
Density (kg n) 7850
Poi sson Rati o 03
Yidd Sress ( MPa) 792
Tangent Modu us ( MPa) 21000
Sran Rae Parameter (O 40
Sran Rate Paraneter (P 5
Falue stran 015
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Tabl e 8 3 Johnson- Cook materid node constantsfor AS 4340 sted [72

Modul us of Hastidty (MPa) 210000 D -08
Density (kg m) 7850 D, 21
_ i Fract ure nodd
Poi sson Ratio 03 Ds -05
constants
A ( MPa) 910 Dy 0. 002
B ( MPa) 586 D 0.61
Def or neti on
! C(MPa) | 0.014 S 164
model constants
n 026 |Me Gunesen | 294
m 103 constants S 500
'Yo 1. 16

Inbahtwo nmodd s, whenthe criticd vd ueisreached, the damaged d ements are
renoved from mesh. The criticd vd uefa d astic ki nenati c harden ng modd isthe
fdlue stran Whenthe equvdent dagtic stranreaches the vdue of 0.15 faled

denents aerenoved from mesh.

In Johnson- Cook met erid nodd fracture constants and the fdlowng cunul aive

damagelaware usedtos mil aefdlue

Aeg
D=>— (81
&

p

wher e
g =|D, + D, exp(D,o *)[1+ D, In ¢ *[1+ DT *| (87

where Agistheincrement of effective pastictran during anincrement i nload ng

and o *isthe mean stress nor mdized by t he effective stress. The paraneters D,
D, D, O, and D, arethefracdue constants. When D=1, the d enents faled and

renoved fromthe nesh

Intheandyss the ‘@oding’ and’ falwe wthtied nodes’ sufacet o surface cort act

dgaithmis usedto 9 mulae contact bet ween bulet andtarget.
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8.4 Constrans andlntid Ve ocity

Thelaerd suface of thetargetis constra ned by setting dl degrees of freedomt o
zero. Aso 500 nmis and 1000 nis of intid vd odtyis apdiedtothe bul & duringthe

andyss

85 Sone Resuts

Some of theresuts olta ned wththeirtid vdodty can be seenin FHgure 85 and
8 6 FAgue85isthe nodd wtha mesh wththree d enentst horought he th ckness;
theinrtid vd odty d thebule is 500 nis, andtheti meis 85 ps.

F gure 8 4 The g astic stra ndistri bution a ti me 85 us wth a bul & speed of 500 nis.

Fgue86isthe modd wtha mesh wth one denent thoroughtheth ckness; the

intid vd odty d the buletis 1000 nis, andthetime is 56 pus.
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F gure 8 5 The stress d stribution a ti me 56 us wth a bule speed of 1000 nis.

Inthschaper, orlythe appiedstudyis exddnedfor futher know edge on exgidt
fintedenen andydsreader canree to[ 14 65 7(.
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9 CONCLUS ONS

9.1 Concl usions
The fdlowng arethe naja cond us ons rmade fromthe presen research

e WWhen the stranrae of the deformationis high (>100 s), the def or metion
becones dynanic. Theref are stress waves shouldbetakenirnoaccount inorderto
under stand and exd d nthe behavi o d sdids.

e A highstranraes and vari ous tenpera wes, def or metion mechan sns change.
Long and short-range barriers are the mg o barries a stranraes lower than
~3500 s '. Above thisrate phonon drag mechanisns cameirnto day. Above than
stranraes of 10° st the effeds o ddocaions on defor metion mechan sns
d nmrish and | aticeitsdf becanei nportart. Ths dfferert mechanisns afeasthe
mechancd properties of nmeteids The resstance of meteid aganst fdastic

def or mati onincreases wththeincreas ng dranrae

e The sdit Hopk nson Pressure Bar fadlity can be usedtotest naterids a dfferent
stranraes (bet ween 500 - 10* s') andtenperatures andto ohtd n correspond ng

stress-gsrdan d agrans.

e Two nmg o assunptions shodd be saidied during the design of the sgit
Hopki nson presswre bar apparaus. Hrd oneis to ensure one-d mensiond dastic
wave propagation whichisrdaedto d nensons and dignnent o the bars and
sped men. The second oneisto ensurethe unfa mdefor netion a the sped nen,

whichisrd aedtointid wavd ength andtheriseti ne d the wave

¢ Johnson Cook constit uive equati on wththe conput ed paranet ers by non-li near
regess on and ys s gave good agreenent bet ween measured and pred cted vd ues
o flowstress d A3 4340 sted.

o Zerilli-A nmstrong congtituive equaion gave very bad agreement wth the
measur ed v ues.

¢ LS Dyna can be usedto nodd the bdlidic penetraion o abuld toatarget.eln
modding bdligic penetrdion meshing unfanity, finer meshing and contac
d gaithns shod d be wadl gud ed The Topi cs which have not been Redized Yet
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There arethreetopcs, which were na redized due tolack of econoncd issues

and know edge. Thefirgistha, the apgicaion and construction of sdit Hopki nson

pressure bar fadlity cod drit be made. Secondy the design of gas gun system

cou dritredized however t wo gas gun systens proposed. Thel astisthat, Accurae

resutsfar bdlidic penerdioncanna be obtdned Recommendati onsfor Furt her
S ud es

The fdlowng recomnendations are proposed on the findngs of the present
research

e The sdit Hopki nson pressure bar appar @ us shod d be construct ed wtht he g ven
desgntoredizetests.
e Agas gun sysemshould be designedin arder to crea e anind dent wave.

e Thetopc o shear band mechan smand dynanic fracdure shoud be studedin

order to nodd the behavia and node o fradurea Hgh sranraes.

e The sdit Hopki nson bar apparaus shou d be rearranged t o observe shear band

[ ocdi zai on phenonmena

e A nunericd sduion can be nmade to vdidate the resdts o sgdit Hopki nson

pressure bar ted.

e A nore accurae vdidaion can be made by conducti ng hi gh ve odty penetraion
experi ments and conparing the resdts wth the nunmericd sduions by the

def or mati on behavi o o mat eri d okt a ned fromspgit Hopki nson pressur e bar test.
e For laer sud es, shock waves shou d be s ud ed

e Forlaer stud es, an orignd constituive equationrd aedto ba h def ormati on and
fracdure behav o o the desired net erid shod d be crea ed

o Bdlidic penetraion nodding usng Frite Henment And ys s shod d be furthered
and accuraeresuts shod d be redized
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