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Abstrakt:

Predmeétem této prace je vyvoj méricich aparatur zalozenych na laserové-ultrazvukovych
metodach. Tyto systémy predstavuji unikatni moznosti v méfeni vyvoje elastickych kon-
stant materidlu béhem ruznych procesu (strukturni zmény v dusledku zmén teploty, me-
chanického zatizeni, atd.). Cilem prace je popsat tyto aparatury a jejich softwarové fizent
a predstavit moznosti jejich vyuziti v zakladnim vyzkumu v oblasti fyziky materidlu.
Prace se zaméruje predevsim na feseni problému kompatibility a moznosti komunikace
mezi jednotlivymi komponentami zatizeni, dale pak na fizeni a zpracovani méficich pro-
tokoli a vyvoj rozhrani pro ovladani aparatury. Pro kazdou aparaturu jsou uvedeny
priklady vyuziti pro konkrétni materialové problémy, véetné diskuze dosazenych vysledku.
Vyvoj téchto méficich systému mé velky pifnos pro materidlovy vyzkum, nebot v mnoha
pifpadech neexistuje jind moznost, jak experimentalné zjistovat vyvoj elastickych kon-

stant béhem vyse uvedenych procesu.

Klicova slova: Elastické vlastnosti, NiTi, FePd, napéfové indukovand reorientace, re-

zonanc¢ni ultrazvukova spektroskopie.



Abstract:

The subject of this thesis is the development of measuring devices based on laser-ultrasonic
methods. These systems represent unique possibilities in measuring the development of
elastic constants of materials during various processes (structural changes due to changes
in temperature, mechanical load, etc.). The aim of this work is to describe these appa-
ratuses and their software management and to present possibilities of their use in basic
research in the field of material physics. The work focuses mainly on solving compatibility
problems and possibilities of communication between individual components of the device,
then on control and processing of measurement protocols and development of interface
for controlling the apparatus. For each apparatus there are examples of usage for specific
material problems, including discussion of the achieved results. The development of these
measuring systems has great benefits for material research, since in many cases there is
no other way of experimentally detecting the development of elastic constants during the

above processes.

Key words: Elastic properties, NiTi, FePd, Stress-induced Reorientation, Resonant

ultrasound spectroscopy.
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Seznam pouzitych symbola

Obecné znaceni

a skalarni velicina
a vektorova veli¢ina
T ; k
a transpozice vektoru a
a;, Ay slozka vektoru
A matice vektoru a
@i, Qijki prvek matice nebo tenzoru
grad, gradient v soutadnicich a
da relativni odchylka a od tabelované nebo prumérné hodnoty (v procentech)

1,7, k,[,m,n index

erp

a experimentalni hodnota veli¢iny a
acale vypoctend hodnota velic¢iny a
r matice

Wape systém ortogonalnich funkci
U; parcialni derivace podle x;

n; slozky normélového vektoru
K matice tuhosti

M matice hmotnosti

« vlastni vektor

Oy Teplota odparovéani

O; Pocatecni teplota

C Tepelna kapacita

A Doba trvani pulsu

v Poasonuv pomér

F Budici sila



Fyzikalni veliciny
f [MHz| frekvence

v [m'ms™!] rychlost

p [£5] hustota

Cijm  [GPa] tenzor elastickych koeficientu

Cij [GPa] matice elastickych koeficientu

T [°C] teplota

w [s71] thlova frekvence

d; [mm] rozmeéry substratu

h [mm] vyska vrstvy

t [s] cas

A [J] casove vystiedovand Lagrangeova energie

L [J] Lagrangeova energie

E, ] potencialni energie

E. [J] kinetickd energie

G [GPa] modul pruznosti ve smyku

E [GPa) modul pruznosti v tahu (Younguv modul)

K [GPa modul objemové pruznosti

% [mm?| objem vzorku

u [mm,s]  pole posuvu u = u(x;1)

R, [°C] R—faze v martenzitické transformaci

M, [°C] pocatecni teplota prechodu z austenitu do martenzitu
M; [°C] konec¢na teplota piechodu z austenitu do martenzitu
Ay [°C] pocatecni teplota prechodu z martenzitu do austenitu
Ay [°C] konecnd teplota prechodu z martenzitu do austenitu
U [é] hustota vnitini energie

S (] hustota entropie

Uy (2] fazova rychlost elastické viny



F hustota Helmholtzovy volné energie

g hustota Gibbsovy volné energie
Oij tenzor napéti

Eij tenzor deformace

r Christoffelova matice

k vlnovy vektor

Matematické symboly
P,(x) Legendrovy polynomy n-tého stupné

T Ludolfovo éislo



Seznam zkratek
RUS Resonanc¢ni ultazvukova spektroskopie

DSC Diferencni skenovanci kalolimetr

SRAS Prostorové fesena akustickd spektroskopie

TGS Transmisni mrizkova spektroskopie

BD Laseova refrakce

SKED Ptesny bodovy detektor

FPGA Programovatelné hradolové pole

PID Proporcionélni, integracni a derivacni regulac¢ni konstanta
FFT Rychla furierova transformace

DBT  Ptechod do kiehkého stavu

BDT  Reverzni teplota ve slitiné

GBS Pokluz po hranici zrna

SPD Plasitcka deformace

ECAP Metoda bezkontrakéniho protlacovani

EBSD Difrakce zpétné odrazenych elektronu

PT Pokojova teplota

G Smykovy modul

Vnitini tfeni

E Younguv modul

LVDT Magneticky snimac pro kontaktni detekeci vzdalenosti
SAW  Povrchova akusticka vina

SMA  Kov s tvarovou paméti



1 Uvod

V rdmci této prace se budeme zabyvat jednou z velmi dulezitych sou¢dsti materidlového
vyzkumu, a to charakterizacnimi metodami. Ve svété existuje celd fada komeréné do-
stupnych charakterizaénich metod (napft. difrakéni metody, mikroskopie, DSC...), ovsem
tato prace se bude vénovat mélo rozsitenym metodam, a to metodeé laserové-ultrazvukové.
Laserové-ultrazvukova metoda poskytuje velmi cenné a jinak neziskatelné informace o
materialech. Jeji velky piinos je v bezkontaktnim méfenim, a proto se muze za urcitych
podminek pouzivat v ruznych konfiguracich.

Aparatury, které jsou zalozeny na principu laserové-ultrazvukovych metod, nejsou ko-
mercné dostupné, a proto je nutné tyto systémy vyvijet. Pii vyvoji je nutné brat ohled
na potiebu rucni kontroly a automatického fizeni s automatickym ukladanim dat. Tato
data je nutné ukladat v otevienych formatech, aby byla zajisténa snadna prenositelnost
mezi riaznymi systémy a vyhodnocovacimi programy.

Meérené elastické konstanty jsou silné teplotné zavislé, proto je velmi nutna stabilni
teplotni regulace. Rada velmi zajimavych procesti v materidlech probihd s teplotou ¢
mechanickym napétim, proto je potfeba v téchto aparaturdach moznost definované zmény
teploty ¢i mechanického napéti.

Cilem prace je tedy vyvoj tizeni aparatur, zalozenych na laserové-ultrazvuvokych me-
todach. Tyto systémy jsou umistény v laboratorich Ultrazvukovych metod na Ustavu
Termomechanika AV CR v Praze. V této praci budou popsdny ruzné aparatury, jejich
moznosti, ovladani a automatické fizeni pro sledovani vyvoje procesu s teplotou (mecha-
nickym napéti) v case.

Rizen{ téchto systémi musi byt dostateéné variabilni, aby je bylo mozné pouzivat pro
ruzné specifické materidlové problémy. Pro fizeni je velmi dilezita i robustnost systému.
Musi byt zajistény ochrannymi algoritmy a externimi systémy, aby nedoslo k poskozeni
meéreného vzorku materialu. Tyto vzorky jsou velmi casto dostupné jen v omezeném
mnozstvi a v nékterych pripadech se jedna o unikatni materialy.

Aparatury, uvedené v této praci, jsou svétové unikatni. Z toho duvodu jsou tyto apa-
ratury vyuzivany v ramci fady mezinarodnich spolupraci, jak je v této praci ilustrovano

na piikladech jejich pouziti.



1.1 Cile disertacni prace

1. Hlavni cile
(a) Navrh a realizace méficiho systému zalozeného na laserové-ultrazvukové me-
todé

(b) Rozsiteni méticiho systému na moznost sledovani vyvoje elastyckych konstatnt

merarialu s teplotni zménou
(c) Rozsiteni systému o moznost méfeni anizotropie materidlu

(d) Névrh a realizace mériciho systému méfeni vyvoje elastickych konstatn ma-

teridli béhem mechanického zatézovani
(e) Meéfici systémy plné zautomatizovat z duvodu dlouhodobych méfeni (cca 14
dni)

2. Vedlejsi cile

(a) Zmeéfeni a vyhodnoceni vnitiniho tfeni ultrajemnozrnné slitiny horéiku AZ31

(b) Definovéni vyvoje elastickych konstant ve slitiné s tvarovou paméti Fe-Pd pod
zatizenim

(c) Charakterizace elasticity a fazové transformovace slitiny NiTi s tvarovou paméti

(d) Ultrazvukové detekce fazovych piechodu v hlinikovych slitindch



2 Metody

Diky vyvoji v laserovém prumyslu, ktery pfinasi mensi, stabilnéjsi a také cenové do-
stupnéjsi lasery, se zacal zvySovat zdajem o vyuziti téchto laseru v ultrazvukovych me-
todach. Ty kombinuji zndmé vlastnosti a vyhody ultrazvuku pii testovani a vyhodno-
covani vlastnosti materidlu, s doplnénim o bezkontaktni charakter ptrivedeny lasery. Aby
vSak bylo dosazeno plné bezkontaktniho nastaveni, musi byt zajisténo pouziti laserového

buzeni a detekce. Hlavni charakteristiky téchto funkei jsou popsany v této kapitole.

2.1 Rezonancni ultrazvukova spektroskopie

Diky spojeni siteni ultrazvukovych vin s termodynamickymi vlastnostmi a mikrostruktu-
rou zkoumanych materiali mé méreni pomoci ultrazvuku v experimentalni oblasti velky
vyznam. Vedle tradiéni pulzné odrazové metody (tzv. Pulse-Echo) se rozvijeji metody
rezonancni, které bézné maji pfesnosti az v fddech 107%. Tyto metody umoziiuji testovat

i velmi malé vzorky a analyzovat i obecné anizotropni materidly [T, 2].

2.1.1 Princip rezonané¢ni ultrazvukové spektroskopie

Rezonancni ultrazvukovéa spektroskopie (RUS) vyuziva skutecnosti, ze rezonanéni frek-
vence zavisi na hustoté, tvaru, orientaci krystalografickych os a elastickych konstantdch
vzorku. Diky témto skutecnostem je mozné z rezonancnich frekvenci urcit blize tyto vlast-

nosti. Schéma na obr. zobrazuje ruzné stupné ze kterych se RUS sklada.

Meéreni frekvenénich spekter V experimentalni ¢asti metody RUS jsou méfeny ampli-
tudy volného harmonického kmitani vzorku jako odezvy na Siroko-spektralni buzeni.
vencemi.. Povrch kmitajictho vzorku je snimam laserovym vibrometrem. Sniméni je
nutné provést na vice mistech povrchu vzorku. Z téchto dat je mozné ziskat frek-

venéni spektra i pruméty vlastnich tvaru [3].

Vyhodnoceni frekvenénich spekter V namérenych frekvencnich spektrech jsou hledany
lokalni maxima amplitudy a skokové zmény faze. Tim jsou ziskany rezonané¢ni frek-

vence vzorku.
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Obrézek 2.1: Schéma metody RUS [3]

Nalezeni vlastnich frekvenci a tvara jsou ziskana data obsahujici vlastni frekvence

a jim prislusejici vlastni tvary kmitani vzorku na obr. [3].

Piima 1loha je vypocet predpokladanych vlastnich frekvenci vzorku o danych rozmérech
a pro dany odhad elastickych konstant. Vypocitané vlastni frekvence jsou pozdéji

porovnavany s naméfenymi hodnotami. O tomto vypoctu vice [3].

Inverzni tloha vyuziva ziskand data ” Ptimé tlohy”a ” Vlastnich frekvenci a tvaru”. Jde
o minimalizaci odchylek vypoctenych a namétenych rezonanc¢nich frekvenci. Opako-
vanym vypoc¢tem dochazi ke zpresnéni vstupniho odhadu elastickych koeficientu v
piimé tloze, tim je dosazena minimalni odchylka vypoctu a vysledkem jsou presné

elastické koeficienty materidlu. O této metodé vypoctu v kapitole [2.1.3] [3].
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2.1.2 Pfima udloha

Ze znalosti elastickych koeficientu Cjjj; a vlastnosti vzorku (rozméry, hustota, ihly stran a
krystalografickd orientace) muzeme pomoci piimé metody uré¢it vlastni frekvence kmitani
vzorku. Vypocet je mozné provést metodou konecnych prvki, nebo lépe pomoci Ritzovy

metody [4, (5, 6] 1, [7, 8 9.

Pole posuvu oznacime u = u(x,t), jeho ¢asovou derivaci @, objem vzorku V' a jeho

hustotu p. Potencidlni energie E'p je potom rovna

1 ou; Ouy,
\%4

a kineticka energie F je

Ex = /pui(as,t)ui(x,t)dv. (2.2)

|4

1
2
Pro hledani tvaru vlastnich médu kmitani, zapiSeme pole posuvu s vlastni thlovou

frekvenci w ve tvaru

u(x,t) = u(x) cos(wt) . (2.3)

Lagrangian je pak roven

3ui
8xj

(a:)?—if(m)) dv. (2.4)

1
L=FEx—FEp= 5/ (pruf(x) sin?(wt) — Cyjp cos?(wt)
v

Podle Hamiltonova principu nejmensi akce pro libovolné pevné dané casy t; a to, kde

t1 < t9, platl'

to

5/Ldt ~0. (2.5)
t1

Pokud zvolime casy t; a ty tak, aby

2
t =ty +k—, k€N, (2.6)
w



a vyuzijeme rovnost integralu

cos*(wt)dt = [ sin®(wt)dt, (2.7)

= ey
= ey

¢imz ziskame rovnici B.5 ve tvaru

SA (w()) = %/)\(u v =5

\%4

N |

— Cijpi— () =— dV =0,
[ (reto) - Cong 5@
7
(2.8)
kde A znaci stredni Lagrangeovu energii a A jeji hustotu.

V objemu V' pak podle zékladnich vét variaéniho poétu plyne z rovnice (2.8) rovnice

stojaté viny

E)Quk
5 a8 =0 (2.9)

a podminka volného okraje vzorku, kde n; znaci slozky normélového vektoru kolmého

pwui(x) + Cijn

k povrchu vzorku

Ouk
8131

7 duvodu zjednodusSeni vypoctu dale predpokladejme, ze vzorek je tvaru kvadru.

Soutadny systém x je umistén tak, aby pocatek lezel ve stiedu vzorku a byl souhlasné
orientovany s hranami vzorku. Rozméry vzorku znacime dy, do, a ds.

Lagrangian pak muze byt zapsan ve tvaru:

. 2 3 3 o, P
A:§/ //(pw%%@‘@jm%(@%(@) dzydzades (2.11)

Tuto tlohu fesime dale pomoci Ritzovy metody. Pro tuto metodu je tfeba pole posuvi

(u(x)) vyjadrit rozvojem

2?[71 21’2) (2[E3)
Uape,iVWabe Ay, c,id a P, DR Pc 5 | 2.12
= > cwtnt = Y w20 (2) (%), e

a,b,c=1 a,b,c=1



kde ©ape(7) znaéi systém ortogonalnich funkei. Vhodnou volbou této baze jsou norma-

lizované Legendreovy polynomy P,—gp.:

2n+1 1 d"
Pol) =\| =5 =g @ = " (2.13)

a,b,c=0,1,2,... a+b+c<N. (2.14)

Rovnice je splnéna, plati-li

oA\
=0. 2.15
8O‘abc,i ( )
Po dosazeni 2.12] do 2.11] dostaneme tvar:
I I
A(a):§w o Ma—éa Ko, (2.16)

kde jsou ve vektoru o zahrnuty vSechny koeficienty agp.;, matice M je matici hmot-

nosti a matice K matici tuhosti. Plati pro né vztahy:

didad
M[abc,p}[def,q] =22 3p5ad5beécf5pq (217)
dydsd OMgpe O ge
Kabe,plldef.q) = 122 : dp&qll/ / / 81/5 8;zfdy1dy2dy3' (2.18)

Diky ortogonalité Legendrovych polynomu je matice M diagonalni. Matice K je
ze symetrie tenzoru Cj;,; symetrickd a pozitivné definitni. Pro staciondrni body potom

vyplyvaji podminky

0=V.,Aa)=(wM - K)x (2.19)

tim ziskdvame tulohu na feSeni vlastnich ¢isel a odpovidaji piimo frekvencim od-
povidajicich vlastnim kmitum. Tvary vlastnich kmitu jsou dany vlastnimi vektory «,

jako koeficienty pole posuvu podle (2.12)).



2.1.3 Inverzni uloha

Inverzni uloha se pouziva pro urceni konstant ze zkoumaného materidlu pomoci rezo-
nancniho spektra. Jejich pfesné urceni spoc¢ivd v minimalizaci odchylek naméfenych a
vypocitanych frekvenci. Je dulezité, aby jednotlivé mdédy vlastnich vypocitanych frek-
venci co nejlépe sedéli k médum namérenym [4]. Spravné urcit k sobé nélezejici mody je
mozné predevsim z prumétu prumétu vlastniho tvaru do namérené strany. UrcCeni jinou
metodou, napiiklad pomoci ¢iselné hodnoty frekvence, je vice nachylné k chybam [3].
rezonanc¢ni frekvence nesou informaci o nizsich elastickych konstantach, zejména smy-
kovych. Tyto médy jsou oznacované jako mékké. S rostouci frekvenci se objevuji médy
tvrdé, které jsou z vétsiny svazané s médy méekkymi [7].

Naméfené rezonancni frekvence oznacime f%” | = wi%y /27, k nim pifsludejici vlastni
vektory oznacime v 5., a nezdvislé elastické konstanty oznacime Cy—1 2. . Pro derivaci

frekvence f;* podle elastického koeficientu Cy, lze psat [4, 9]:

T _or
8f;xp' _ CYp ﬂap
oC}k 82 fy
Diky vztahu je mozné stanovit miru citlivosti Sj rezonan¢éniho spektra vuci k-

(2.20)

tému elastickému koeficientu a to tak, ze bude vypoctena suma ¢tvercu téchto derivaci

pres celé spektrum [4]:

T 8T 2
% 96, 2.21
87T2f5xp. . ( . )

Elastické koeficienty je mozné z rezonancnich frekvenci urcit nejlépe inverzni metodou

afpemp. 2
Si= 2. (ac,) = 2.

p=1,...,n =1,...,n

a to pomoci vlastnich tvara naméfenych médu [7]. Z tohoto divodu je vhodné pro vypocet

pouzit linedrni kombinace C}, jez je mozno ziskat z rovnice

Cr = ouC/ (2.22)

kde C}, oznacuji puvodni elastické koeficienty a ¢ tvarovou funkci [7]. Pro vyhodnoceni

citlivosti téchto kombinaci je nutno transformovat rovnici do tvaru



2
afs\? O‘g 68(,1:* Qp
*2 T T
5= 2 ( 321*) = > (cbkz—gﬂzf;ezp. —0.G7GHT.  (223)

p=1,...n p=1,...,n
Zde mé tvarova funkce tvar ¢; = (¢1;, @2, ...¢0n;) a matice G je matici derivaci
8f1€'zp 8fleTp
aCy 9Crm
G= : ., : . (2.24)
OFETT L s
aC aCp,

Vysledna matice GG je symetrickd a pozitivné definitni, coz znamend, Ze vlastni vek-
tory mohou byt vhodné zvoleny ve formé ortogonalniho systému. Sefazenim vlastnich ¢isel
v sestupném poradi a vybérem ¢, [-tého vlastniho vektoru je ziskdna linedrni kombinace

*, kde poradi zdvisi na vypoctené citlivosti [4].

Nésledné je v inverzni tiloze minimalizovana rovnice typu

Alcij) =3 wy(f5™ = 5" (ciy))?. (2.25)

Vahy piifazené jednotlivym rezonan¢nim frekvencim jsou znacené w,. Nyni je mozné
z této tlohy ziskat informaci o rozlozeni hledaného elastického koeficientu v rezonanénim
spektru. Pro zvyseni spolehlivosti urceni elastickych koeficientu a jejich kombinaci je
vhodné méteni doplnit méfenim pomoci pulzné odrazové metody. Doplnénim informaci o
fazovych rychlostech se zlepsi stabilita vypoctu inverzni tlohy [4, 10 [7].

Minimalizovand funkce pak ziskava tvar

n

A(Cija )\am /\y7 /\z) _ Z (f;:vp- o f;alc.(cij))Q + )\x (UgL,emp. . UgL,calc.(cij))Q n

p=1

_l_)\y (UgL,ewp- _ UgL,calc.(Cij)>2 + >\z (,UgL,e:cp. o UgL,calc.(cij))2 7 (2.26)

kde c;; jsou hledané elastické koeficienty, va¥, ng ,vI8 znaci podélné fazové rychlosti
ve smérech kolmych ke sténdm vzorku a Lagrangeovy multiplikdtory A, A, a A, reprezen-
tujici omezeni [5]. Asociace vypoctenych rezonanénich frekvenci s experimentalnimi daty
odpovidaji prvni sumé rovnice [2.26] pfifazeni se provadi na zakladé tvaru jednotlivych

modu vibraci, které jsou zaznamenany pomoci laserové Dopplerovské interferometrie. Pro

vypocet jsou pouzity pouze spolehlivé identifikovatelné médy [5].
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Podminky vgfy’f;lc' (Cr) = vgfy’;m pro vyjadieni odhadu chyby vypoctu elastickych
koeficienti mohou byt ve vzajemné blizkosti linearizované, tedy existuji takové koeficienty
B, . a B, ., pro které plati [5, [7]:

x’y?’z

K
k=1

Diky této linearizaci a s vyuzitim ortogonality (3;; je mozné napsat systém linearnich

rovnic

Bu - Brki Cik
4 c
Bik -+ Bkk : _ K 7 (2.28)
B; - Bf UgLvexp- _ Bg
Bl BK CK qL,exp. BO
y Yy Uy Py
B; . Bf UgL,exp- _ BS

kde je experimentdlni pfesnost pravé strany rovnic zndma [4]. Nasledné je mozné

zapsat presnost jednotlivych koeficientt, jejichz chyba je minimalizovana vézanou opti-

malizaci 2.26]

k=1 calc. exp. 2
w —w
ACy = \/ZP (v ) (2.29)

Presnost jednotlivych hodnot Avgﬁ;?p' je ddna experimentem. Nasledujicim krokem
je vydéleni kazdého sloupce matice [2.28] odpovidajici experimentalni chybou, ¢imz bude
ziskan podobny systém, avSak pfesnost pravé strany bude rovna 1. Jelikoz je tento
systém dobie urceny, je mozné hledat inverzni linearni vztahy pouze metodou nejmensich
¢tvercu. Pro tyto vypocty je pouzivana rutina Moorse-Penroseova pseudo-inverze. Jelikoz
se presnosti pravé strany rovnic rovnaji jedné, lze vyjadrit presnost jednotlivych koefici-
enti AC), pfimo z Euklidovskych norem prislusnych sloupcu pseudo-inverzni matice [5], [7].

Symetrie a tfida anizotropie vzorku vyrazné ovliviiuji narocnost urceni elastickych
konstant. Cim komplikovanéjsf tyto materidlové vlastnosti jsou, tim je nutné pro vypocet

pouzit vice rezonanc¢nich frekvenci [IJ.

Konstanty nejsou urceny se stejnou presnosti, protoze k nékterym je metoda RUS cit-

N
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smykovych parametru a nejméné citliva pro objemovy modul pruznosti, odpovidajici hyd-

rostatické deformaci materialu [9].

2.2 Metoda povrchovych vin
2.2.1 Buzeni laserovym pulsem

Prvnim dulezitym aspektem laserovych ultrazvukovych metod je zpusob excitace elas-
tickych vin pomoci laseru. To je zajisténo fenoménem nazyvanym fototermalni nebo fo-
toakustické buzeni. Jak tyto buzeni probihaji je zndzornéno na obr. 2.4

Mezi hlavni vyhody rozsiteni ultrazvukovych metod o laserovou generaci vin patii bez-

kontaktnost excitace a variabilita zdroje ve smyslu jeho pozice, tvaru a energie pulzu.

Laser pulse
Rayleigh
Free surface w?\ve
Solid v
Shear wave

Longitudinal
wave

¥ x,(2)

Obrazek 2.4: Schematické znazornéni buzeni elastické vlny, generované bodové za-

ostfenym laserovym pulsem v izotopni pevné latce [11]

Vykonové rezimy

V zavislosti na vykonu laserového paprsku, resp. presnéji na energii laserového paprsku

12



absorbovaného materialem dochéazi k excitaci elastickych vln riznymi mechanismy. Exis-
tuji dva extrémni pripady: rezim ablace, ve kterém dochazi po dopadu k odpafeni hmoty
vzorku, a rezim termoelasticky, kdy nedochazi k zadnému poskozeni vzorku. Tyto rezimy
vedou na odlisné elastické sily, viz. [2.5] Redlné se casto setkdvdme s piipadem mezi témito
rezimy, kdy dochézi k lokalnimu nataveni materidlu v misté dopadu laserového svazku,

avsSak nedochézi k jeho odparovani.

Laser pulse Laser pulse i Material

. ejection
gL o

Acoustic source

Solid surface

Forces due to

_ Forces due to
a) thermal expansion b) momentum transfer

Obrazek 2.5: Elastické sily excitované ptes a) termoelastické a b) ablaéni mechanismy

buzeni [11]

Termoelasticky rezim Kdyz je intenzita dopadajiciho zafeni na kovovy povrch do-
statecné nizka, cast energie je absorbovana a pfeménéna na teplo Jouleovym efek-
tem, zatimco zbytek se odrazi. Laserovy puls pak hraje roli tepelného zdroje energie
a vytvari mechanickou deformaci. Tepelnéd vina nepronika hluboko do materidlu, a
proto je termoelasticky zdroj lokalizovan pod povrchem ve velmi tenkém prostoru
ve srovnani s akustickymi vinovymi délkami. Oc¢ekdvany signal povrchového posunu
zpusobeného termoelastickym bodovym zdrojem je znézornén na obr. 2.7, Vypocty
podle Roseho [13] tykajici se aproximace vzdaleného pole ukézaly vzorce smérovosti
intenzity excitovanych vln v ruznych smérech s ohledem na volny povrch. Vzory
zavisi na vlastnostech materialu. Napiiklad u duralu je maximalni emise podélnych
vln v 65° a pticnych vlnach v 45° (viz obr. , b). V této aproximaci neexistuje
zadné zareni podélnych vin podél normaly k povrchu. Ptiéné viny jsou generovany

efektivnéji nez podélné - piicny posun je vice nez radové vétsi nez posun podélny.

Ablacni rezim Kdyz absorbovana hustota vykonu zpusobi taveni a odparovani malého

mnozstvi hmoty, prenos momentu zpusobeny vypuzovanim castic vytvari silu kol-

13
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Obrazek 2.6: Vzory smérovosti a), ¢) podélnych a b), d) pticnych vin pro bodovy termo-

elasticky a ablacni zdroj. Body oznacuji experimentalni hodnoty prevzaté z

2], [

mou k povrchu (viz obr. [2.5)). Prahova hodnota absorbované hustoty vykonu zavisi

na vlastnostech materidlu a vlastnostech laserového pulsu [14]:

1> (WZ(APC); Oy — 6, (2.30)

kde Oy a ©; jsou teplota odpatovani a pocatecni teplota, C' je tepelnd kapacita,
K tepelna vodivost a A doba trvani impulsu. Prahova hustota vykonu je typicky v
desitkach megawatti na centimetr ¢tverecni.

Jak je znazornéno na obr. (¢, d), je v tomto piipadé smérovost odlisnd. Emise
podélné viny je vSesmérova (ale ne izotropni). Amplitudy generovanych vin jsou

obecné vyssi nez v pripadé termoelastickych vin.

Charakter ocekavaného signalu zustane stejny, avsak s prevracenym pikem Raylei-

gho vlny (zrcadlové symetrickym pfes rovinu umisténou kolmo na osu a prochazejicim

14



U3 A

Al St od

0.5 1,0 cyt/r

Obrazek 2.7: Dislokace u3 (norméla k povrchu) zpusobend bodovym termoelastickym
zdrojem v materidlu s Poissonovym pomérem v = 0 : 25. F' oznacuje budici
silu, vrcholy L a R povrchovou podélnou a Rayleigho vinu. Jednotky jsou
normalizovany na rychlost priénych vin ¢, ¢as t a vzdélenost od zdroje r.

1]

sttedem pulzu). To lze vysvétlit odlisnym pohybem povrchu vzorku, jelikoz pfi
ablaénim rezimu se nejdfive pohybuje smérem dovniti vzorku (oproti termoelas-

tickému rezimu, kdy pohyb zacind smérem ven ze vzorku kvili tepelnému rozpinani).

Prostorova modulace

Hustota vykonu budiciho paprsku je ovlivnéna prostorovou céasti. Podle pozadované si-
tuace lze pouzit nékolik ruznych pristupu. Hlavni rozdéleni je mezi Sirokopasmovou a
uzkopasmovou excitaci: zatimco Sirokopasmové metody excituji viny celého spektra frek-
venci s maximem danym velikosti excita¢niho bodu na vzorku, tzkopasmové metody

excituji pouze zvolenou vlnovou délku, obvykle danou excitacnim vzorem.

Sirokopasmové buzeni Bodovy zdroj je nejjednodussi variantou (pulzni laser je jed-
noduse zaméfen na bod pozadovaného pruméru). Vybuzené viny jsou v takovém
pripadé radidlni, a spektrum takto vybuzenych vin je Sirokopdsmové, s nejvyssi
frekvenci danou prumérem bodu.

Pokud posleme laserovy paprsek skrz valcovou cocku, dostaneme tzv. carovy zdroj.
V takovém pripadé jsou dominantné vybuzeny viny s k vektorem kolmym k excitacni
care, a nejvyssi frekvence buzeného spektra je ddna sitkou excitacni cary. Tyto

metody jsou obvykle kombinovany s mérenim doby piichodu vIn v ruznych bodech,
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tj. v ruzné relativni vzdalenosti mezi excitaci a detekci. Tak lze ziskat informaci o

rychlosti fazového cela viny.

Uzkopésmové buzeni Uzkopésmové buzeni povrchovych vin se obvykle dostane ve formé
miizky. Dominantni vinova délka je ddna rozestupem mezi ¢arovymi zdroji v dusledku
destruktivniho a konstruktivniho ruseni vin buzenych kazdym jednotlivym ¢arovym
zdrojem (viz obr. . Vysledny budici vzor mize byt dosazen bud vysldnim pa-
prsku pres amplitudovou masku (jednoduse blokujici urcité casti paprsku) nebo
interferenci dvou paprsku na vzorku. Prvni z nich se pouziva naptiklad v metodé
”Spatially Resolved Acoustic Spectroscopy” (SRAS) [15], zatimco druhé se pouziva
v metodach bézné nazyvanych ” Transient Grating Spectroscopy” (TGS) [16] a [17].
Kromé 1izkopédsmové povahy takového zdroje spocivd vyhoda také v prostorovém
rozlozeni laserové energie. Proto je hustota vykonu obvykle dostatecné nizka, aby
zustala v termoelastickém rezimu, coz umoznuje opakovani experimentu na stejném
misté pro velky pocet méreni. Tyto metody jsou obvykle kombinovany s vypoctem
dominantni frekvence signalu. Rychlost povrchovych vin je pak ziskdna pomoci
zakladniho vztahu cg = fA, kde A je ddna vzorem buzeni a f je méfena frek-
vence. Rozdilnym zpuisobem ziskani tizkopasmové excitace je kmitoctova modulace
laseru s kontinudlni vlnou. V takovém nastaveni je vykon laseru modulovéan tak, ze

vyslednd intenzita na misté vybudi pozadovanou frekvenci kontinualnich vin.

2.2.2 Optické méreni povrchovych vin

Pro navrh plné bezkontaktni metody materidlové charakterizace zalozené na Siteni elas-
tické vlny musi byt vyvinuta také metoda detekce elastickych vin pomoci laseru. Pro
spolupraci s laserovym buzenim popsanym v piedchozi ¢asti musi byt metoda citliva na
vychylku kolmou k povrchu (tzv. out-of-plane) posunuti v fddech nanometru a kmitoctu
v pasmu MHz a GHz. Existuji dvé hlavni skupiny metod detekce: Metody prihybu a
difrakce, které jsou citlivé na zvinéni povrchu; a interferometrické metody, které mohou

detekovat jakykoliv typ posunu mimo rovinu.

2.2.2.1 Metody priuhybu a difrakce

Tyto metody jsou citlivé na povrchové vinéni a specializuji se na povrchové viny, jako
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Obréazek 2.8: Princip uzkopasmového buzeni vyuzivajici rastrovy vzor: kazdy jednotlivy
prouzek pusobi jako jediny ¢drovy zdroj buzeni (Sirokopasmovy), ale budi
se pouze vlnova délka ve fazi. Na pravé strané je obraz porizeny z kamery.

18]

je Rayleighova vlna. Rozdil mezi nimi spoc¢iva ve srovnani velikosti detekéniho bodu d a
elastické vinové délky A: V pripadé, ze d < A mluvime o metodé pruhybu a pro d > A

metodu difrakee.

Metoda prihybu Bézné metody zalozené na vychyleni paprsku (BD - beam deflection)
zahrnuji detektor s ”knife-edge”, délenou fotodiodu a nastaveni pomoci diferencialniho
fotodetektoru. Ve vSech piipadech se dopadajici laserovy paprsek zaméruje na vzo-
rek a thel odrazu se méni imérné se zménou sklonu povrchu zpusobeného Sitici se
povrchovou vinou. V piipadé detektoru ”knife-edge” (obr. [2.9a) je polovina odra-
zeného paprsku na své cesté do fotodetektoru blokovana. Kdyz tedy SAW prochazi
detekénim bodem, intenzita prijimana jednou diodou se méni v dusledku thlové
odchylky odrazeného paprsku. Pro optimalni citlivost by bodova velikost méla byt
polovina elastické vinové délky. Knife-edge metoda je jednoducha a nendkladna,
ale detekéni plochy musi byt opticky ploché a reflexni. Usporadéani s rozdélenymi
fotodiodami nebo zrcadlovymi paprsky a diferencialnim fotodetektorem dosahuji

vyssi citlivosti, protoze neztraceji polovinu intenzity signalu blokovanim, ale ome-
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Obrazek 2.9: Schéma metod pruhybu a) a difrakce b). [11]

zeni na povrchu zustavaji. V posledni dobé byl vyvinut ”Speckle knife-edge detec-

tor” (SKED) [19], ktery zvysuje pouzitelnost na drsnych povrsich.

Metoda difrakce Kdyz bodovy prumér pokryva nékolik vinovych délek povrchové viny,

ma ucinek fazového pole. Svételny paprsek je rozptylen do paprsku kmitoctu danych
wEmQ(m =0,1,2,...), kde w je centrélni frekvence svételného paprsku a  je frek-
vence elastické viny. Pro ku < 1 (k je vlnovy vektor a u mechanicky posun) je
intenzita svazku prvniho fadu déna ¢tvercem posunuti u. Méfeni je tedy zalozeno
na zmeéné relativni intenzity paprsku centralniho a prvniho fddu. Svazky musi byt
oddeélené, aby se umoznilo jejich porovnani; proto jsou typické frekvence elastickych
vln pro difrakéni metody vyssi nez 100 MHz. Také jsou nutné velké posuny. Vzhle-
dem k tomu, ze faze elastické viny je obsazena ve fazi difrakénich paprski, muze
byt ziskana interferenci difrakéniho paprsku prvniho radu se zrcadlové odrazenym
paprskem [20]. To vede k nastaveni, které se blizi jedné bézné pouzivané sondé

zvané Heterodyne, popsané déale v této kapitole.

2.2.2.2 Interferometrické metody

Interferometrické metody mohou byt pouzity v ustalenych i prechodovych rezimech pro

meéfeni jakéhokoliv mechanického posunu mimo rovinu. Kdyz se povrch pohybuje, paprsek

odrazeného svétla se méni ve fazi. Poté se smisi s referencnim paprskem ptichézejicim ze

stejného zdroje a vyslednd intenzita na fotodetektoru je dana rozdilem ve frekvenci a fazi.
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Rozdil ve fazi je vysledkem ruznych optickych drah paprsku. Pro snizeni vlivu kolisani
optickych drah pochéazejicich z jinych zdroju, nez je povrchovy posun, muze byt pouzito

nékolik ruznych metod, jako je napriklad stabilizované nebo heterodynové schéma.

PZT LULLLLLLLLLLLL

PUSHER FEEDBACK
/‘r STABILIZER
MIRROR
LRI OBJECT
ISOLATOR BEAM
SPLITTER E
LASER - e D) -
- Lg L

PHOTODIODE [P+
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ety FILTER
SIGNAL' Frequencies

Obrazek 2.10: Schematické znazornéni stabilizovaného Michelsonova interferometru s
polohou referencniho zrcatka ftizeného nizkofrekvencéni casti vystupniho
signalu fotodiody takovym zpusobem, ze provozni podminky jsou pevné

stanoveny navzdory optickym vykyvum drahy. [11]

Stabilizovany Michelsonuv interferometr Michelsonuv interferometr, na obr. [2.10]
je klasické schéma pouzivané v ruznych oblastech métreni posunu. Laserovy paprsek
je rozdélen do detekéniho a referencéniho paprsku, oba se pohybuji po optické draze
stejné délky a jsou pak smiseny na fotodiodu. Intenzita fotoproudu je funkci rozdilu
drahy. Vysledna informace obsahuje jak fazi, tak amplitudu viny, tj. posunuti po-

vrchu. Pro filtrovani nizkofrekvencnich vibraci je délka referencni optické dréhy
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fizena ve smycce zpétné vazby v rezimu nejvyssi citlivosti. Toto je obvykle délano

piezoelektrickym ¢lenem spojenym se zrcadlem v cesté [21].

Heterodyne Heterodynova detekce muze byt pouzita pro méreni ustalenych povrchovych
vibraci, které v pripadé difrakénich méreni vytvareji viny. V zasadeé je svazek sondy
rozdélen do dvou paprsku, napt. pomoci difrakéni masky, a tyto dva paprsky jsou
pak preneseny zpét do jednoho bodu ve stejném uhlu. Oba dopadajici paprsky
difraktuji na povrchové miizce zpusobené excitaci, a pti dodrzeni tzv. Littrowovy
konfigurace mé difraktovany paprsek nulového fadu (tj. zrcadlové odrazeny) jed-
noho dopadajiciho paprsku shodny smér s difraktovanym paprskem prvniho fadu
od druhého dopadajictho paprsku, a naopak. Od vzorku tedy odchéazi dva pary pa-
prski, vzdy jeden odrazeny a druhy difraktovany. Odrazeny paprsek se povazuje za
referencni; difrakce nese informaci o frekvenci vibraci povrchu. Je dostacujici privést
jeden z téchto paru do detektoru, ale pomér signdlu k Sumu muze byt zlepsen, kdyz
jsou oba pary vedeny do diferencialniho detektoru. Mozné nastaveni, jak navrhuje

[16] je zndzornéno na obr. 2.11]
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¢ockou, ukazujici umisténi vsech ctyt paprsku. [16]
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3 Aparatury

3.1 Resonancni ultrazvukova spektroskopie
3.1.1 Peltierova komora

Popis aparatury

Jedna se zakladni métici aparaturu, kterda byla vyvinuta pro méfreni pomoci rezonan¢ni
ultrazukové spektroskopie. Tato méfici aparatura se sestava z vakuové peltierové komory,
kterd je schopna teplotniho rozsahu mezi 220 K az 400 K. Blokové schéma tohoto méticiho
systému je na obr.

Teplotni regulaci zajistuji tii samostatné peltierovy ¢lanky. Mezi kazdym peltierovym
clankem je umistén termoclanek a tento termoclanek slouzi k samostatné regulaci jednot-
livych peltierovy ¢lanku. Kazdy z peltierovych ¢lankt ma rozdilné parametry. Tim jsme
schopni dostavat takto velky teplotni rozsah s ptrimérené rychlou rampou a stabilizaci
teploty. K napéjeni a fizeni téchto peltierovych ¢lanku nam spolecnost Space Research
Instruments s.r.o. vyrobila specidlni fizené zdroje. Deska plosného spoje jednoho tohoto
i{zeného zdroje je uvedena v pifloze na obr. [A.1]

K fizeni a regulaci téchto zdroju se vyuziva regulacni karta spolecnosti National In-
struments NI PXI-7830R. Jednd se o programovatelné hradlové pole (FPGA). Na tomto
poli jsou vytvoreny jednotlivé regulacni smycky tak, aby byla regulace schopna rychlych
zmén s dostatecnou teplotni presnosti. Diky tomuto spojeni vlastnich zdroju a FPGA
pole jsme schopni nastavit i velmi rychlé rampy s teplotni toleranci pod 0.01 K.

Tato komora obsahuje tii termoclanky typu T. Dva termoclanky jsou umistény vzdy
ve spojeni dvou peltierovych ¢lenu. Posledni termoclanek je umistén blizko médéné pro-
hlubné, kam se umistuje méfeny vzorek. Méfen{ teploty na téchto termoélancich zajistuje
méfticl karta od National Instruments NI USB-9211 (4-kanél, 14 S/s).

Teplotni stabilizaci peltierovych clanku a zaroven chlazeni této komory je zajistno
vodnim chlazenim spolecnosti JULABO (FP-50). V tomto méficim systému je déle pulsni
infracerveny laser od spole¢nosti Quantel (120 mj, 1064 nm, 20 Hz). Tento laser se vyuziva
k lokdlnimu ohfevu méreného vzorku a tim vybuzeni vlastnich rezonanci tohoto vzorku.

K meéfeni téchto rezonanci se vyuziva skenovaci interferometr spole¢nosti Polytec
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MSA-500. Tento interferometr je samostatnd mérici jednotka, ve které probiha nastaveni
a méfeni matice bodu na vzorku. Hlavni vyhodou pouziti tohoto feseni je velmi rychlé
skenovani pomoci vnitinich zrcatek. Dalsi vyhodou je moznost pouziti diferencialniho a
stroboskopického méreni, méfreni v bilém svétle, z-sken a mnoho dalsiho. Jak uz bylo
zminéno, jedna se o zdkladni méfici systém a to pravé z divodu moznosti naskenovani
celého povrchu vzorku. Po zméfeni vlastnich kmitu pti stabilni pokojové teploty je mozné
tento vzorek mérit dalsimi dostupnymi systémy, popsanymi v dalsich kapitolach. K syn-
chronizaci méfeni je pouzita multifunkéni meétici karta spoleénosti National Instruments

NI USB-6009.

Controlled source
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Obréazek 3.1: Blokové schéma méticiho systému RUS s peltierovou vakuovou komorou

V soucasné dobé se tento systém modernizuje vykonéjsi teplotni komorou a novym ske-
novacim systémem spolecnosti Polytec MSA-600. V tomto novém systému budeme vlastni
rezonance mérit externimi digitaliza¢nimi kartami spolecnosti National Instruments. Diky
tomuto vlastnimu méreni budeme moci ukladat casovy signal méfeny v jednotlivych bo-

dech, coz pfinese rozsitené moznosti vyuziti tohoto systému.
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Popis ovladani
Pro vyvoj ovlddaciho programu bylo zvoleno vyvojové prostiedi Lab View spolecnosti Nati-
onal Instruments. Obr. ukazuje puvodni ovladaci program, ktery je v soucasnosti jiz

modernizovan, nicméné stale ve fazi vyvoje.
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Obréazek 3.2: Ovladaci program méfticiho systému RUS s peltierovou vakuovou komorou

Na ovladacim panelu najdeme moznost nacteni tabulky teplot, nastaveni pozadované
rampy a moznost ru¢niho nastaveni teploty. Dale mame moznost nastaveni teplotni tole-
rance a doby stabilizace teploty. V levé spodni ¢asti jsou uvedeny dva indikatory (temperature
is stable a waiting for trigger). Tyto indikédtory jsou fyzickym zobrazenim jedno-
duché komunikace mezi fizenim teplotni komory a ovladacim programem skenovaciho
interferometru MSA-500. Pti spusténi automatického méfeni je operator nucen stejnou
tabulku teplot nastavit pomoci nami vytvoreného makra [B]i v ovlddacim programu inter-
ferometru. A praveé diky této synchronizaci je celé méreni mozno provadét automaticky.

Indikator temperature is stable d& interferometru informaci o stabilni teploté a tim
tedy impuls ke spusténi vlastniho méreni vSech bodu, které v rdmi méfeni chceme mérit.
Indikator waiting for trigger naopak regula¢ni program pozastavi na aktualné na-

stavené a regulované teploté, dokud neprobéhne celé nastavené meéreni a ulozeni vSech
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spekter.

Na ovladacim panelu obr. [3.2] je ddle mozné vidét nékolik grafickych zobrazeni teplotni
regulace. Graf waveform graph slouzi k zobrazeni nastaveni rampy a casovému odhadu do
nastaveni pozadované teploty. Ostatni dva grafy zobrazuji aktualni teplotu na jednotlivych
termoclancich.

Vypis makra, pouzivaného pro méreni a vzajemnou komunikaci s regulacnim pocitacem,
je v priloze . V tomto makru se importuje tabulka teplot (musi byt stejna, jako tabulka,
kterd se pouzije pro nastavovani danych teplot) a nastaveni cesty pro ukladéni jednot-

livych métfenych signéli.

3.1.2 Vysokoteplotni komora

Popis aparatury

Tato sestava byla navrhnuta, nebot bylo zapotiebi méiit fazové piechody, které se pro-
jevuji az pti vyssich teplotdach. V soucasné dobé tato konfigurace nabizi rozsah teplot od
320K do 1000K. Tato komora, stejné jako predchozi, je navrhnuta a zkonstruovana na miru
podle nasich specifikaci. Jedné se tedy o vakuovou komoru, ve které se nachazi teplotni
¢len (tento clen umi pouze topit, je tedy obtizngjsi fizeni a regulace, nebot pfi stabilizaci
teploty je pouzit efekt vlastniho teplotniho spadu), tepelny radia¢ni stit (diky tomuto
radia¢nimu §titu jsme schopni dosdhnout vyssich teplot a zdroveii se tolik nezahifva plast
komory), teplotni senzor (v tomto pfipadé termoclanek typu K), dvé optické pruchodky
(zdola je obsazena fokusa¢ni ¢oc¢kou pro buzeni vlastnich kmitu, shora pro paprsek inter-
ferometru).

Plast této komory je chlazen vodnim chlazenim spoleénosti JULABO FP-50. Tato
sestava ddle obsahuje senzor tlaku (regulace a kontrola vnitintho prostoru) spoleénosti
Pfeiffer D-3561/ s kontrolerem, taktéz spolecnosti Pfeiffer DCU 100. Pro vakuolizaci je
pouzita vyvéva rovnéz spolecnosti Pfeiffer Hi-Cube 80 a pro regulaci vnitiniho tlaku v
komore, je pouzit elektromagneticky vakuovy ventil, ktery se ovlada vstupnim napétim.
Pro méreni rezonanéniho spektra je pouzit interferometr OFV-505 a kontroler OFV-2570
spolecnosti Polytec.

Regulaci teploty zajistuje fizeny napétovy zdroj spoleénosti TTI QL564TP. Méieni

teplot (teplota plasté a vnitiniho prostoru) a digitalizace méreného signalu byly svéfeny
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spole¢nosti National Instruments. Pro méfeni teplot je pouzito mérici zatizeni NI USB-
9211 (4-kandl, 14 S/s). Jako digitalizacni karta byla vybrana NI PXI-5142 (100 Mhz,
100 Ms/s, 14 bit), pro zesileni tohoto signdlu byl vybran zesilova¢ Krohn-Hite, model
3945. O ovladani elektromagnetického vakuového ventilu se starda NI USB-6008. Tato
karta zaroven meéri silu odrazeného detekéntho svazku. Pro vybuzeni vlastnich rezonanci
byl zvolen pulzni laser spole¢nosti CryLaS DSS 1064-3000.

Vsechna tato zarizeni byla vybrana i z duvodu jejich ptipojeni k PC a moznému
vzdalenému ovladani. Pro ovladani vSech komponent byl zvolen, jako v jinych piipadech,

program LabView spolecnosti National Instruments.

Popis ovladani

Ovladaci program tohoto mérictho systému byl vyvijen v prostiedi Lab View. Obr. [3.3 uka-
zuje screen shot nastaveni piistroju pro méfeni. V sekci Devices identification jsou
uvedeny vSechny pristroje a jejich komunikaéni rozhrani, se kterymi tento program pra-
cuje. V sekci Scope parametrs je mozné ménit nastaveni digitalizacni karty, dle potieby.
Source parametrs jsou zde pro nastaveni PID regula¢ni smycky, ktera se stara o regu-
laci teploty. Security parametrs nastavujeme pro piipad, ze by doslo ke ztraté vakua v
komorte, pripadné vypadl chladici systém plasté. V této sekci muzeme dle potieby nechat
regulovat vnitini tlak komory. V posledni sekci tohoto nastaveni je mozno si vSimnout

rucniho ovladani laseru, vcetné nastaveni energie buzeni.
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Obréazek 3.3: Vysokoteplotni RUS, ovladaci program (nastaveni piistroju)
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Sekce na obr. slouzi k nastaveni a zédkladnimu ovladani programu. Podsekce Load
table slouzi k nacteni dat z EXCELU (vektor teplot, rampy a ¢as stability). Vektor teplot
udava pozadované teploty, pii kterych bude méteni probihat. Parametr rapma je rychlost
s jakou se na danou teplotu chceme dostat (napi. 7 °Cxmin~!) a ¢as stability znamen4,
jak dlouho se na dané téploté (véetné nastavenych toleranci) musi pockat, nez méreni
probéhne. Je mozné tento systém pouzivat pro ruéni méreni v dané teploté nebo systém
pustit na automatické méreni. V automatickém médu bude teploty nastavovat a regulovat
podle pozadavku v tabulce. Automaticky uklada kazdy casovy signél do binarniho sou-
boru. V sekci Temperature meas and ind jsou vidét indikace teplot v komote, na plasti,

chlazeni, casu méreni a podobné.

Signal level |

45-

3 Ci\DatalMartin Testtest xlsx
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Obrazek 3.4: Vysokoteplotni RUS, ovladaci program (nastaveni mérent)

Obr. [3.5]slouzi ke grafickému zobrazen{ teplot a rampy. VSechny tyto teploty se uklddajf
s urcitym casovym intervalem do databéaze. Stejné jako odkazy na méfena data. Z této
databaze muze kdokoliv dand data vyvolat, véetné mérenych dat a déle s nimi podle
potifeby pracovat.

Stejné jako na vsech predeslych obr.( a[3.5)), tak i tento obr. [3.6|zobrazuje v levé
casti silu odrazeného interferometrického paprsku. Déle na tomto obr. vidime méfeny
casovy signél a jeho furierovu transformaci. Pravé ta slouzi, jako u ostatnich metod, k

vyhodnoceni vyvoje elastickych konstant.
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Obrézek 3.6: Vysokoteplotni RUS, ovladaci program (¢asovy signél a jeho FFT)

3.1.3 Kryostaticka komora

Popis aparatury

Systém s kryostatem byl sestaven s podobnym pozadavkem, jako RUS s vysokoteplotni
komorou. Bylo zapotiebi mérit zménu fazovych rychlosti a transformace materiala s tep-
lotami vyrazné nizsimi pod bod mrazu. Rozsah teplot v tomto ptipadé je tedy 85 —310K.
Soucasti této aparatury je dusikovy kryostat spole¢nosti Oxford Instuments Optistat CF

s pouzitim kontroleru stejné spolecnosti Mercury iTC. Pro regulaci prutoku dusiku byl

spolecnosti dodan rucni jehlovy ventil.

Jako pti konstrukei vyse popsaného systému, byl pouzit stejny interferometr spole¢nosti
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Polytec OFV-505 s kontrolerem OFV-2570. Vzhledem k tomu, Ze se jednd se dusikovy
kryostat, je potfeba mit jako soucast tohoto systému i tlakovou dusikovou Dewarovu
nddobu. V tomto pripadé byla zvolena Dewarova nadoba s objemem 50 1. Aby kryostat
spravné pracoval, je nutné udrzovat (regulovat) tlak uvniti Dewarovy nadoby. O regu-
laci tohoto tlaku se stard fizeny napétovy zdroj QL564 TP, spoleénosti TTi. V nddobé je
umisténo topné téleso, které zajistuje pieménu tekutého dusiku v plynny. Tim se v této
nadobé zvysuje tlak. Je tam také umistén tlakovy senzor, ktery se vyuziva k regulaci.
Samoziejmosti je i nékolik bezpecnostnich prvku (pretlakové ventily). Kromé pretlaku se
pro zajisténi prutoku dusiku kryostatem pouziva ¢erpadlova pumpa.

Vzhledem k faktu, ze tato dusikova nadoba je pod stalym tlakem, tedy uzaviend, neni
mozné kontrolovat mnozstvi kapalného dusiku. Tato kontrola je nutna, aby se nedochazelo
k ptipadu, ze tekuty dusik v priubéhu méreni dojde. Proto byla pod tuto nddobu umisténa
vaha, kter8 odesilda aktualni zatizeni. Pfed vlastnim méfenim, po umisténi vzorku do
kryostatu, je nutné ve vnitini komore tohoto kryostatu vymeénit vzduch (pii vkladani
vzorku) za helium.

K tomuto slouzi turbomolekularni stanice T-Station 85 spole¢nosti Edwards. Tato
vyvéva je po vycerpani vzduchu z vnitini komory pouzita pro vakuolizaci vnitiniho plaste,
aby nedochazelo k namraze vnéjstho pldsté a roseni optickych pruchodek. Jako budici
laser byl zvolen pulsni laser STA-01-8-1053 od spolecnosti Standa (v budoucnu tento
laser bude nahrazen pulsnim laserem od spole¢nosti CryLaS). Pro budici laser je nutné
mit externi hodinovy signdl, ktery urcuje rychlost buzeni. Pro tento cel je zde generator
funkci DG10227 spolecénosti Rigol.

Meéfteni casového signalu, ktery meéri interferometr a zesiluje zesilova¢ Krohn-Hite mo-
del 3945, zajistuje digitalizacni karta NI PXI-5142 (100 Mhz, 100 Ms/s, 14 bit). Intenzitu
odrazeného detekéniho svazku a vnitini tlak v dusikové nadobé méri USB-6008. Obé tato
meérici zafizeni jsou od spolecnosti National Instruments. Program pro fizeni, regulaci,
méreni, ovladani a uklddani dat byl programovan v prostiedi LabView spoleénosti Nati-

onal Instruments.

Popis ovladani

Ovladani a regulace tohoto systému neni plné automatizovana. Duvodem je ru¢ni ovladani
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jehlového ventilu (v budoucnu bude vyménén za programovatelny). Kromé tohoto je
systém programové ovladatelny. Obr. ukazuje nejdulezitéjsi ¢ast ovladaciho programu.
Je zde vidét nékolik ¢ésti. Cast nazyvand Komunikace nastavuje komunikaéni kandly a
protokoly, které se pouzivaji ke komunikaci s jednotlivymi ¢astmi aparatury. Vidime tedy,
které casti je mozné ovladat, piipadné pouzit k méfeni. Sekce Scope slouzi pro nastaveni
digitalizacni karty, a tedy méfeného ¢asového signalu. Pod touto sekci je mozné sestavit
pocet prumeéru, abychom se zbavili nezadoucich parazitnich signédlu, typu sum a podobné.

V sekci Tekuty dusik je graf hmotnosti nadoby na dusik. V tomto piipadé vime, ze
plna nadoba ma cca 60 kg a prazdna 22 kg. Ze zkusSenosti také vime, kolik kilogramu
tekutého dusiku je na jedno celé méreni nutné. Proto jsme schopni odhadnout, zda bude
dostupny tekuty dusik k méreni stacit. V této sekci je také graf vnitiniho tlaku v Dewarove
nadobé. Tento tlak je mozné v této sekci i regulovat.

Sekce Nastaveni tabulky teplot slouzi k importu dat z EXCELu. Na zékladé téchto
udaju program automaticky nastavuje a méii v pozadovanych teplotach. V posledni sekci
Ovladani je k dispozici zakladni nutné ovladani tohoto programu. Je zde moznost ru¢niho
nastaveni pozadované teploty (v Kelvinech), ru¢ni méreni a ulozeni signilu, nastaveni
tolerance teplot a takzvany Watchdog. To slouzi k vypnuti a zapnuti pumpy pro prutok
dusiku. Po levé strané je opét vidéna intenzita odrazeného detekéniho svazku. Cim vyssi,
tim lepsi signdl dostaneme.

Velmi dulezitd je pro $patné rezonujici vzorky. Graf na obr. [3.§|slouzi ke grafickému
zobrazeni teplot (pozadovand a dvé teploty uvnitf kryostatu, regulovana a teplota na
vzorku). Teplota regulovand a na vzorku se muze v fadech jednotek kelvina ligit. Pro vy-
hodnoceni je tato hodnota ovsem dulezita. Zobrazeni ¢asového signédlu a jeho fourierovou

transformaci, je mozné vidét na obr. (3.9
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Obrazek 3.7: RUS-Kryostat, ovladaci program (nastaveni)

Uroven signalu

«_
290~ Aktualniteplots [/
20— Regulovana teplota [/
7 altstec o |
2%0-

250
240+
20
20
20+
204
190-
180-
170+
< 160+
£
= 140+
1204
1204
1104
100-
90-|
80

Obrazek 3.8: Rus-Kryostat, ovladaci program (vyvoj teplot)

31



Uroven signalu
r N Nastaveni | Grf teploty Grafy‘

45-

Nasoven teplota ([ | Abualitelta oo | Celaprmers (| Wkontepeni (|| Vahalkal [g |

012-,

01-|

Amplituda

Cas

00013-,
00016-|
00014,
00012-]

0.001-}

00008-]

Amplituda

0.0006-]
00004-]
00002-]

0~ n n n 0 n n n g v v v v v v v v v g ! v v v v ! v v v g
200000 300000 400000 500000 600000 700000 800000 900000 1E+6 11E+6 12E+6 13E+6 14E«6 15E+6 16E+6 17E+6 18E+6 10E+6 2E-6 21E+6 22E+6 23E+6 24E«6 25E:6 26E+6 27JE+6 28E+6 20E+6  36:6
Frekvence

Obrézek 3.9: RUS-Kryostat, ovladaci program (méfeny signal a jeho FFT)
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3.2 Meéreni povrchovych vin

Vyvoj téchto aparatur je motivovan pozadavkem na méteni, které nelze provést pomoci
metody RUS . Jde naptiklad o vzorky vykazujici silny utlum (kdy rezonanéni spektrum
obsahuje velmi mélo rezonanci, nebo v extrémnich piipadech ani nelze fadné vybudit),
méreni vzorku pod mechanickym napétim (které nelze mérit rezonanéni metodou uz z
principu méteni volnych kmitu), meéfeni tenkych vrstev (které je pomoci metody RUS
pomérné casové naroéné, nebot je nutné méiit jak vzorek s tenkou vrstvou, tak poté

samostatny substrat), atd.

3.2.1 TGS s rotacnim podstavcem

Popis aparatury
Na tomto sestaveni se bézné méii anizotropie daného materialu. Tato sestava se da rozdélit
na dvé casti: opticka cesta a méfici s regulacni cestou. Tyto dvé casti budou popsany

zv1ast.

Opticka cesta je dana primarné optickymi prvky, doplnénymi lasery a detektorem.
Schéma této optické cesty je zobrazeno na obr. [3.10f| a jeji princip je popsidn v
sekci [2.2] Optickd cesta tedy zac¢ing dvéma lasery. Pulsni infracerveny laser je
pouzit pro vybuzeni povrchovych akustickych vin a zeleny kontinualni laser slouzi
pro jejich detekci. Jak je vidét na obrazku, oba tyto lasery maji totoznou cestu. Tedy
na zacatku cesty se pomoci polopropustného zrcatka spoji a poté projdou valcovou
cockou. Z valcové cocky projdou tyto svazky fazovou mrizkou, na které se difraktuji
a ziskavame tak dva svazky. Ty pokracuji soustavou sférickych cocek nasledovanou
polarizacnim optickym rozbocovacem, ktery na zpatecni cesté oddéli zeleny detekcéni
svazek. Z rozbocovace dopadaji svazky skrz ¢tvrt-vinu na méreny vzorek. Na vzorku
se vybudi akusticka vina a zeleny detekéni svazek se pres rozbocovac oddéli a pomoci

dvojice zrcatek dopadne na PIN diody detektoru.

Meérici a regulacni cesta se sklada z detektoru, osciloskopu a rotacniho posuvniku. De-
tektor obsahuje dvojici PIN diod, které jsou zapojeny diferencialné. Signal z téchto

diferencidlné zapojenych diod pokracuje do zesilovace HSA-1-40 (1 GHz, 40 dB)

Lautor P. Stoklasova, Akademie Véd CR, Ustav Termomechaniky, Laboratof ultrazvukovych metod
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Mirror

Spherical lens

spolecnosti FEMTO. Z tohoto zesilovace se berou dva signdly. Jeden signél je stej-
nosmérna slozka, kterd slouzi k setfizeni zrcatek pro co nejlepsi dopad detekéniho
svazku na PIN diody. Druhy signdl jiz zminiovany méreny. Oba tyto signaly se méri
pomoci osciloskopu LeCroy 725Zi (2.5 GHz, 20 GS/s, 8 bit). Rotaéni motorizovany
krokovy posuvnik je pfipojen do kontroleru spolecnosti STANDA 8SMC1. Kont-
roler i osciloskop jsou pripojeny do ovlddaciho pocitace, ve kterém se pouziva pro

automatické méreni program, ktery byl vyvinut v prostiedi LabView.

Rotational
sample stage

Transient grating

QWP 532nm

PBES 532nm

——
-

Spherical lens

Differential detector
Spherical lens

-
- -

n=—1

Phase binary
transmission grating

Cylindrical lens

— -

Cold mirror

Probe laser 532nm
200 mW . Pump laser 1064nm

400ps
90uJ/pulse
1kHz repetition rate

Obrazek 3.10: Blokové schéma optické cesty TGS-rotace

Popis ovladani

Na obr. je ovladani této sestavy zobrazeno. Je rozdéleno do nékolika ¢asti. V prvni

casti,

nazvané Komunikace, se nastavuje komunikace s piistroji, které se méreni ucastni.
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V tomto piipadé pouze osciloskop a kontroler rotac¢niho posuvniku. V sekci Na&teni
tabulek se jako v jinych piipadech nacte sekvence méfeni. V tomto piipadé uhly, ve
kterych ma dané méreni probthat. Sekce Ovladani slouzi pro nastaveni rychlosti rotace a
jaky signal se z osciloskopu ma ulozit. Vlastni nastaveni signalu se ur¢uje ru¢né na daném
osciloskopu. Data jsou ukladana automaticky do databaze MS SQL. Z této databaze se

tato data daji vyhodnocovat, pripadné exportovat pro dalsi potiebu.

TCPIPO:10.10.0.157inst0nINSTR

E ! Q0000000000062 & |

!@! LeCroy 7250
!@! ISTS - rotace .
Pocet mereni

Cislo mereni

(C—

E Function 1 _ - a Dialsi hodnota

] [1o00000 Macti tabulku

C:h\DatahISTS - Datah|STS-rotace
tdanualne a Wynuluj prurmerowvani

Skop rotace

Uloz signal . StOp

Obrazek 3.11: TGS-rotace, Ovladaci program
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3.2.2 TGS s teplotni komorou

Popis aparatury

Tato sestava se opét skladd ze dvou ¢asti. Optickd cesta je stejnd, jako v kapitole [3.2.1]
Proto se v této kapitole zamérime pouze na cestu méiici a regulacni. V prvni radé se
jedné o komercni teplotni komoru spolecnosti Instec, ktera mé teplotni rozsah 80-850 K.
Tato komora je vakuova, proto je k této komofie ptripojena vyvéva Hi Cube 80 spolecnosti
Pfeiffer. I kdyZ je komora vakuovatelnd, je nutné mit plast této komory teplotné stabilni.
O tuto teplotni stabilizaci se starda vodni chlazeni Oasis 160. Do této komory byl umistén
teplotni senzor v podobé PT100. Méfeni teploty na tomto senzoru obstarava NI1-9219 (100
S/s, 24 bit) spolecnosti National Instruments. Detektor, stejné jako v piipadé [3.2.1] je
konstruovan ze dvou PIN diod, které jsou zapojeny diferencidlné a vysledny signal zesilen
zesilovacem HSA-1-60 (1 GHz, 60 dB) spolecnosti FEMTO. Zesileny signal se méii na
osciloskopu LaCroy 640Zi (4 Ghz, 20 GS/s, 8 bit). Vsechny tyto ¢asti jsou propojeny s
fidicim pocitacem, na kterém je ovladaci program. Tento program byl vyvinut v prostiedi

LabView.

Popis ovladani

Ovladéni této soustavy je zobrazeno na obr. V sekci Komunikace se vybiraji komu-
nikacni kandly a protokoly, které se pouzivaji ke komunikaci s jednotlivymi castmi této
sestavy. V nastaveni Oasis 160 se muze ménit teplta vnéjsiho plasté komory Instec. Tato
funkce je dulezitd, nebot muze zabraiiovat namrzani optickych prichodi. Sekce Nagteni
tabulky teplot je, stejné jako v jinych piipadech, pro nacténi soustavy meéticich bodu.
V tomto pripadé teploty a potfebného casu stability na dané teploté, nez zacne vlastni
méreni. Data jsou opét ukladana do databaze MS SQL. Pomoci sekce Ovladani je mozno
rucné nastavovat teploty a na téchto teplotach mérit. Ptipadné spustit automatické métent,
které nastavi pozadovanou teplotu uvedenou v tabulce a na této teploté provede auto-
matické méfeni. V této sekci se vybira kanal osciloskopu, na kterém se dany signal méfi.
Grafy teploty a vykonu komory jsou na obr. [3.13] Diky témto idajum jsme schopni zjistit,
jak dlouho trvalo dostat se na jednotlivé teploty.
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Teplota Cas stabilizace
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Obrazek 3.12: TGS-teplotni komora, ovladaci program (nastaveni)
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Obrazek 3.13: TGS-teplotni komora, ovladaci program (vyvoj teploty)
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3.2.3 Sirokopasmova aparatura se zatézovacim zarizenim

Popis aparatury

Tato aparatura vznikla za uc¢elem méreni elastickych vlastnosti materialu pod mecha-
nickym napétim. VysSe popsané motody jsou pro tento ticel nevhodné, nebot jsou
zalozeny na vlastnim kmitani. Coz pri mechanickém zatizeni neni mozné. Deformaéni
zaiizeni bylo vyvinuto Ing. J. ZidkemP| a iizeni s ovladdnim tohoto deformacéniho zafizen{
je popsano déle v této praci. Zafizeni pro deformaci se sklada z nékolika c¢asti. V prvni
¢asti je pohybliva celist, kterd tidi deformaci a zatizeni, a pevna celist, ktera dané zatizeni
meéri pomoci tenzometru. Dalsi ¢asti je pohon pohyblivé celisti, kterym je krokovy moto-
rek. Tento motorek je pripojen k pohyblivé celisti pres prevodovku 100:1. Posledni casti
tohoto deformacniho zafizeni je indukcni snimac¢ polohy pouzity pro méreni deformace
daného vzorku.

Deformacni zafizeni je umisténo na soustavé posuvniku jimiz se v pripadé potireby
posouva stied rotace. Rotaci zde zajistuje motorizovany posuvnik a jeho piftomnost zde
je pro méreni thlové disperze rychlosti Sifeni povrchovych vin, ze které je mozné urcit
anizotropii méreného vzorku. Pro vybuzeni povrchovych vin se pouziva infracerveny pulsni
laser STA-01-7 spole¢nosti STANDA. Laserovy svazek je pomoci atenuatoru odklonén do
synchronizacni PIN diody. Déle je pres soustavu zlatych zrcatek veden skrz cylindrickou
¢ocku (z bodového svazku tato cocka udéld svazek ¢drovy) na vzorek. Detekei v tomto
pifpadé zajistuje interferometr Femto spolecnosti Bossa Nova Tech (dnes Sound & Bright).
Apertura tohoto zeleného interferometru je cca bem.

Detekéni svazek je pomoci dvou stribrnych zrcatek veden skrz objektiv na vzorek.
Stribrna zrcatka, stejné jako objektiv, jsou pfipevnéna k motorizovanym posuvnikum
spole¢nosti Physical Instruments. Pomoci téchto motorizovanych posuvnikiu je mozné
jemné a presné X-Y skenovani povrchu daného vzorku. RozliSeni téchto posuvniku je
50nm. Pro digitalizaci méreného signalu je pouzita digitalizaéni karta spolec¢nosti Nati-
onal Instruments PXIe-5162 (1.5 GHZ, 5 GS/s, 10 bit) a pro méfeni ostatnich velicin
(deformace, sily, teploty a trovné signalu) NI-9219 (100 S/s, 24 bit). Pro ovladdni mo-
torku slouziciho k posuvu volné ¢elisti je pouzit kontrolér SMCI33 spole¢nosti Nanotec. U

ostatnich posuvniki je pouzit kontrolér Appolo Physical Instruments. VSechna tato méfici

2 Akademie Véd CR, Ustav Termomechaniky, Ultrazvukové metody
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a ovladaci zafizeni jsou pres ruzné sbérnice pripojena k ovladacimu pocitaci, a pomoci

programu, programovanému v prostiedi LabView, ovladdna a regulovana [22].

Popis ovladani

V této kapitole se budeme zabyvat vlastnim ovldddnim této méfici aparatury. Na obr. [3.14]
je zobrazena ¢ast programu, urcenou pro konfiguraci sestavy. V této konfiguraci se na-
stavuji komunikaéni protokoly a kandly pro jednostlivé segmenty této mertici aparatury.
Definuje se tu komunikace s jednotlivymi kontrolery motorizovanych posuvniki, meérici
kanaly pro teplotu, silu, deformaci, droven signalu a digitaliza¢ni kartou. V ¢asti nade-

psané jako Nastaveni je mozné definovat maximalni zatizeni daného materidlu.

fosamesva |

<DAQIMod1/ail
High Speed

«DAQIMod1/ai2

<DAQIMod1/ai3

PXI15lot3 =

AR R AR R R LRl AR Y

Obrazek 3.14: SAW-Trhadka, ovladaci program (konfigurace)

Ovladani na obr. [3.15] ovlada veskeré motorizované posuvniky, které jsou této apara-
tury soucasti. Muzeme tu ruéné ovladat motorek pro zatizeni, tzn. rucné nastavit silu,
pripadné deformaci. Rucneé se zde také ovlada rotace deformacniho zarizeni. Tim ziskame
jistotu, ze budici a detekéni svazek nikdy neopusti oblast méreného materialu. Pomoci X-
Y posuvu se hledaji méfici body. Vzhledem k tomu, ze méfeni velicin (sila a deformace)
je diferencialni, je nutné pred zacatkem méreni nastavit vychozi uroven téchto mérenych
velicin.

Pomoci Natteni tabulek na obr. zvolime méfici body na vzorku (Osa X a Osa
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Obrazek 3.15: SAW-Trhadka, ovlddaci program (ovlddani)

Y) a také definujeme pii jakém zatizeni, piipadné deformaci, ma automatické méreni
probihat. Pokud chceme pii méfeni méfit i anizotropii daného materialu, pouzijeme i

tabulku pro nacteni rotace. Métreni probihéd nésledovné (s méfenim anizotropie):
A Nastaveni pozadované sily (deformace)
B Zmeérteni sité bodu na vzorku
C Nastaveni rotace

Nastavi se bod A. Po nastaveni bodu A, nastane bod B. Jakmile se doméri celd
pozadovand sit, pouZije se bod C. Po nastaveni v bodu C, probiha opét bod B. Timto
zpusobem se zméfi pii bodu A, pro vSechny body C, bod B. Po skon¢eni méteni vSech
pozadovanych hodnot bodu C, pripadné bodu B, se nastavi dalsi hodnota v bodé A a
méreni pokracuje dokud se nezméii vSechny body A, jejich podbody C a B. Grafy na
obr. [3.17], [3.18| a [3.19] zobrazuji aktuélni stav zatizeni a deformaci.

Nastaveni ukladani, obr. , slouzi pro vybér regulaéni veliciny. Tedy bud’ se reguluje
na silu nebo deformaci. Zélez{ na pozadavcich. Posledn{ karta, zobrazena na obr. [3.21] je
ovladani digitalizacni karty. Na tomto grafu je zobrazen, a nasledné uklddan, méfeny
signal interferometru. Na vSech obrazcich této kapitoly je také zobrazen po levé

strané ukazatel urovné odrazeného detekcniho svazku od vzorku.
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Obrazek 3.16: SAW-Trhacka, ovlddaci program (nacteni dat pro méfent)

Obrazek 3.17: SAW-Trhacka, ovladaci program (graf sila-deformace)
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Obrazek 3.18: SAW-Trhacka, ovladaci program (graf sila-cas)
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Obrazek 3.19: SAW-Trhacka, ovladaci program (graf deformace-cas)
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D:\Data\Trhacka\Data =]
F)[Reguiui na deformaci

Obrazek 3.20: SAW-Trhacka, ovladaci program (nastaveni ukladani dat)

Signal [~
Prumerovany signal |
Ulozeny 1

ursor 1 5.61112E-8  -0.00701439
[ Cursor 1 1.0381E-7 -0.00836691

E] >

Obrazek 3.21: SAW-Trhacka, ovlddaci program (digitalizacni karta)
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3.3 Zjednoduseny vyvojovy diagram
3.3.1 Sdileny vyvojovy diagram

Na obr. je znazornén zjednoduseny vyvojovy diagram. Tento diagram se tyka apa-
ratur 3.1.3 [3.1.2) B.1.1]} [3.2.2 a s lehkou zménou i[3.2.1} Tato zména se tyka pouze toho,

ze misto teploty se nastavuje tihel rotace.

Vsechny systémy, kterych se to tykd, se tidi timto algoritmem. Je samozrejmosti, ze
kazdy systém maé své vlastni komunikacni protokoly a ochranné nastaveni, pro ptripad
kolize.

Na zacatku kazdého spusténi ptislusného programu je nutné nacist tabulku s hodno-
tami (teplota, rotace), pii kterych bude méreni probihat. Tyto hodnoty se pouzivaji pro
vstup do regulacnich smycek. Zaroven tyto tabulky mohou obsahovat rampu a dobu sta-
bilizace. Rampa v tomto kontextu znamené rychlost regula¢ni smycky. Doba stabilizace
je ¢as, po kterou musi dana veli¢ina spliovat kritéria, nez je zapocato vlastni meéfeni.
Napftiklad, pokud se jednd o teplotni stabilizaci, je v programu k dispozici nastaveni to-
lerance, ve které se ma dana taplota pred a béhem métreni pohybovat.

Tato tolerance a dalsi parametry (napf. pocet prumérovani, délka méreného signalu...)
se nastavi podle potfeby méfeného vzorku. Kazdy méreny vzorek materialu je jedinecny a
potiebuje tedy i jedineény piistup. Pokud operator nastavi vSechny parametry a zkontro-
luje i nastaveni bezpecnostnich prvku (napf. vypadnuti externiho chlazeni plasté), muze
dané méteni spustit.

Program se v tuto chvili chova zcela autonomné. Hlavni vyhoda tohoto autonomniho
provozu je, ze nékterda méreni mohou trvat i nékolik tydnu. Béhem této doby je dohled
operatora pouze minimalni.

Po spusténi se nac¢tou hodnoty z tabulky a regula¢ni smycka se snazi danych para-
metri dosahnout. Behém tohoto snazeni se dand velicina porovnava s hysterezi danou
nastavenou toleranci. Ve chvili, kdy se dana veli¢ina ustabilizuje v daném toleranénim
pasu, dochéazi ke spusténi casovace. Hodnota Casovace je opét brana ze vstupni tabulky
hodnot. Po uplynuti dané doby (pokud stabilizovana veli¢ina nepiekro¢i toleranéni pas)
se zapne pulsni laser.

Zapnuti a vypnuti pulsniho laseru je nezbytnou soucésti téchto programu. Jak uz bylo
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proklamovano, nékterd méfeni mohou trvat i nékolik tydnu. A pokud by béhem této doby
byl pulsni laser stale sepnut, mohlo by dojit k jeho degradaci. Vétsina vyrobcu udava
predpokladany pocet pulsu, které dany laser muze béhem funkéni doby vystrelit.

Po zapnuti laseru se spusti i méfici karty, které dany signal digitalizuji. Toto méfeni
probiha tak dlouho, dokud neni splnéna podminka pro nastaveny pocet prumeéru. V téchto
algoritmech se pouzivaji pouze spravné mérené signaly. Obcas muze dojit k nepredpoklddanému
incidentu a jeden (nebo vice) signalu (béhem féze prumérovani) by nebylo ispésné zméteno.
To by samozrejmé mohlo vyustit v koneéném dusledku v chybny zaznam dat. Po zméteni
viech signdlu (prumérovéni) se laser opét vypne a dany zprumérovany signél se ulozi.

Po upésném ulozeni signalu a pritazeni informaci o tomto signalu do databaze, se
algoritmus podiva do vstupnich dat a podle toho vyhodnoti dalsi krok. Pokud je v tabulce
potieba méreni na dalsi hodnoté, algoritmus provede nastaveni potiebnych velic¢in a cyklus
se opakuje. Pokud byla zmétena posledni hodnota, algoritmus vétsinu zafizeni uvede do
vychoziho stavu a je pripraven pro dalsi pouziti.

Vsechny programy jsou opatieny ovladanim pro ruéni preruseni algoritmu. Samoziejmosti
jsou i moznosti drobnych zmén jako zména poctu prumérovanych signali, zména tole-

ran¢niho pasu, délky méreného signalu a podobné.
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Obrazek 3.22: Zjednoduseny vyvojovy diagram pro vyse popsané systémy
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3.3.2 Vyvojovy diagram pro [3.2.3]

vvvvvv

Na obr. [3.23 je zndzornén zjednoduseny popis algoritmu, ktery vyuzivd sestava [3.2.3
Zacatek tohoto algoritmu je velmi podobny jako algoritmus predchozi. Na zacatku se
ovsem musi operator rozhodnout, zda pfi méteni vyuzije i moznost rotace vzorku. Po
tomto rozhodnuti je nucen nacist prislusny pocet tabulek (dvé nebo tfi). Prvni dvé tabulky
je nucen operator nacist v kazdém piipadé. Jedna se o tabulku posuvu a zatizeni.

Tabulka posuvi zajistuje matici bodt, ve kterych méfeni bude probihat. Tabulka
zatizeni obsahuje vektor sily nebo deformace. Operdtor je nucen se v této trovni roz-
hodnout, zda bude deformacni zafizeni regulovano podle deformace, nebo podle sily (tj.
v tak zvaném tvrdém nebo mékkém zatézovéni). Je vyhodné mit moznost obou téchto
na meéfeny vzorek a pozadované ziskané informace. Pokud se ocekava, ze vzorek je ani-
zotropni, ma operator moznost nacist také tabulku rotaci, tj. relativnich uhlu zatézovani
vuéi mérenému smeéru Siteni vin.

Po zvoleni vyse uvedenych moznosti a nacteni piislusnych tabulek je také nutné
nastavit bezpecnostni meze, nastavit vychozi pozice sily a deformace, nastavit digita-
lizacni kartu a uvést zakladni informace u méreného materialu. Po splnéni vSech téchto
nalezitosti je mozné dané méfeni spustit. Algoritmus napfed nacte prvni hodnotu z
tabulky sily /deformace a na tuto hodnotu deformaéni zatizeni nastavi a reguluje. Po
dosazeni této hodnoty jsou dvé moznosti (zde bude popsdna moznost s rotaci). Program
nastavi deformacni zafizeni na pozadovany thel, ktery je uveden v ptislusné tabulce.
Jakmile se deformacni zarizeni nastavi do pozadované polohy, za¢ina skenovani povrchu
vzorku.

Diky nastaveni os X a Y je tedy mozné nastavit detekci do libovolné pozice vuci
c¢arovému zdroji buzeni povrchovych vin. Toto skenovani povrchu se tedy déje v cyklu.
Béhem skenovani se kazdy jednotlivy signal nékolikrat zpruméruje a tento prumérovany
signal se ulozi. K tomuto signalu se samoziejmé ulozi i potfebné informace o pozici. Po
skonceni tohoto skenu, je nastaven dalsi tithel a tato matice je zmétrena znovu. Toto se déje
pro kazdy jednotlivy thel.

Po zméteni posledniho tihlu a skenovaci matice, se deformacni zafizeni vrati do vychozi
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pozice a program zacne regulovat na dalsi hodnotu v tabulce sila/deformace. Takto
probihd celé automatické méteni, dokud se nezméii posledni pozadovand sila/deformace,
posledni 1ihel rotace a skenovani podle definované matice bodu. Z vyse uvedeného je tedy
na prvni pohled patrna casova zatéz celého méreni. Méreni na této sestavé muze redlné
trvat i nékolik dni.

V programu se daji nastavit mezni sily, pres ktery by se dany vzorek nemél dostat. Toto
nastaveni je primarné dulezité pii regulaci na deformaci vzorku, pripadné na manualni
nastaveni. PTi prekroceni téchto meznich sil se deformacni zafizeni zastavi a vypne se
dany algoritmus. Zaroven kontroler tohoto motorku pulsné kontroluje, zda algoritmus
odpovida. Ve chvili, kdy testovaci paket neni pfijmut, kontroler automaticky krokovy
motorek zastavi a odepne. Tim je zabranéno poskozeni vzorku ¢i zafizeni, pokud by doslo
v ovladacim pocitaci ke kolizi.

Vyse bylo uvedeno, ze jsou dvé moznosti méfeni. Pokud neni nutné mérit anizotropii,

je mozné nastavit programové preskoceni nastaveni rotace deformacniho zafizeni.
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Obréazek 3.23: Zjednoduseny vyvojovy diagram pro
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4 Priklady aplikaci aparatur v materialovych védach

4.1 Ultrazvukova detekce fazovych prechodi v hlinikovych slitinach

Tato kapitola bude vénovana pouziti rezonanc¢ni ultrazvukové spektroskopie (RUS) k de-
tekci fazovych prechodu v hlinikové slitineé AA6262 pri tepelném cyklovani. Bude zde
ukazano, ze metoda RUS je dostatecné citliva, aby spolehlivé detekovala teploty tani a
tuhnuti mikrocastic Mg,Bis-Bi, které jsou odpovédné za tyto fazové prechody, ackoli ob-
jemovy podil ¢astic je velmi maly (1%) a dokonce klesa s probéhnutymi teplotnimi cykly.
23]

Fazové prechody mikro a nano ¢astic v pevnych latkach vykazuji nékolik rozdilu ve
srovnani s objemovymi prechody stejnych materidlu [24, 25], 26]. Napiiklad rozsahlé studie
akustické a magnetické rezonance téni a tuhnuti ruznych materidla v poréznich sklech [27,
28, 291 30, B1] ukézaly, ze teploty prechodu téchto ¢astic se snizuji a vzdy existuje také
pozorovatelna hystereze mezi tanim a tuhnutim castic.

Mezi systémy s kovovou matrici / kovovymi ¢dsticemi je z hlediska aplikace zjevné
zajimavé hlinfkova slitina AA6262 [32]. Tato slitina ma nomindlné podobné slozeni jako
slitina AA6082 (nebo AA6061) AlMgSi, ale jeji obrobitelnost je zvysena pridanim malych
mnozstvi Pb a Bi, které pii spravném teplotnim zpracovani vytvareji mikrocastice disper-
gované podél zrna hranice. Tyto Castice maji pomeérné slozitou, viceslozkovou struk-
turu [33], véetné také urcitého mnozstvi MgsBis-Bi. Pii teploté tani se ¢astice ¢astecné
roztavi a slitina prochazi prechodem do kiehkého stavu (DBT). Zkiehnuti nastavd v
dusledku ptitomnosti taveniny.

To je vyhodné pro obréabéni, protoze taveni materidlu MgyBis-Bi v blizkosti fezného
nastroje snizuje pevnost materialu a vede k tvorbé kratkych a lamatelnych ttisek. Znalost
teploty DBT je tedy nezbytna pro navrh procesu obrabéni. Podobny vyznam ma také
znalost mozného vyvoje této teploty prechodu béhem tepelného cyklovani (tj. opakované
taveni a tuhnuti v dusledku teplotnich oscilaci), protoze odrazi zmény vlastnosti materialu
béhem obrabéni.

DBT v AA6262 a podobnych slitindch ( [34, 35]) maji zcela odlisnou povahu nez v
konvencnich strukturalnich materidlech, jako jsou nizkouhlikové oceli, kde ke kiehnuti

dochézi v dusledku redukce disloka¢niho skluzu, a kde jsou tedy moznosti ultrazvukové
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nedestruktivni detekce teplot DBT omezené [36], 37, 38]. V piipadé AA6262 muze byt
teplota DBT detekovana nepiimo z detekce bodu tani a tuhnuti castic, naptiklad dife-
renc¢ni skenovaci kalorimetrii. Avsak vzhledem k malému objemovému podilu ¢astic Pb
+ Bi ( 1%) mohou byt odpovidajici exo- a endotermické piky DSC malé, srovnatelné s
hladinou Sumu zatizeni DSC a nesrovnatelné mensi nez piky ruznych procest v matrici.

Vhodnou alternativou k méteni DSC v takovém piripadé muze byt detekce fazovych
prechodu z malych zmén elastickych modulu slitiny. Tyto zmény mohou byt detekovany
bud méfenim rychlosti akustickych vin pulznim ozvénou v materidlu [26] 28], nebo re-
zonanéni ultrazvukovou spektroskopif 2.1} Jak bude ddle ukézéno, tato metoda je pro
systematické studium DBT a reverznich (BDT) teplot v této slitiné, vhodna. A diky
bylo mozné provadét nékolik teplotnich cyklu bez prestavky za sebou. [23]

Zkoumanym materidlem byla komeré¢ni slitina AA6262 (Constellium Extrustions, Dé¢in,
Ceska Republika) vyrobend formou extruze (primér 18,8 mm). Materidl byl zahidt na
teplotu T8 (tyce byly za studena zpracovany na prumeér 18,1 mm (redukce 7,3%), zihdn{
bylo provddéno pii 160 °C po dobu 10 hodin.) Vyslednd mikrostruktura slitiny je na
obr. [.1} sestava z vldknitych zrn prodlouzenych podél sméru vytlacovani.

Céstice obsahujici Pb a Bi jsou rozptyleny a jsou také protazeny podél sméru vytlacovani.
DBT teplota v této slitiné byla stanovena pomoci Charpyho testu ( [33]); teplota prechodu
byla indikovana prudkym poklesem lomové houzevnatosti pii ptiblizné 250 °C. Pro sa-
motné méreni RUS ( byl pripraven pravouhly obdélnikovy prurez 2,61 x 3,21 X
1,94mm? (presnost £0,01 mm) s hranami orientovanymi podél sméru zpracovani.

Pted tepelnymi cykly byly zméfeny a stanoveny elastické konstanty za pokojové tep-
loty vySe popsaného vzorku AA6262 kombinaci méreni RUS a konvenéni technikou
pulzniho echa. Cilem tohoto predbézného méreni bylo zjistit, zda vldknita struktura indu-
kuje jakoukoli méfitelnou elastickou anizotropii v materialu. Takova anizotropie by mohla
nasledné ovlivnit interpretaci RUS spekter mérenych pti vyssich teplotach.

Po zméteni pii pokojové teploté byl vzorek podroben tepelnému cyklovani. Vzo-
rek zkoumané slitiny AA6262 byl podroben péti tepelnym cyklim s piislusnymi tep-
lotnimi rozsahy uvedenymi v tabulce Maximalni teploty byly pro vSechny cykly nad
ocekdvanou teplotou DBT pro slitinu AA626 (250 °C). Pro 2. a 4. cyklus je maximaln{

teplota zvolend nad bodem téni Pb (T, = 325 °C), aby se zjistilo, zda m4 téni a tuhnut{
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Pb uvnitt ¢astic Pb 4+ Bi néjaky dopad na DBT a BDT teploty.

Tabulka 4.1: Rozsahy tepelnych cyklu zkoumané slitiny AA6262; PT oznacuje pokojovou

teplotu
Cyklus Teploty
1 PT — 290°C — PT
2 PT — 350°C — PT
3 PT — 290°C — PT
4 PT — 350°C — PT
5 PT — 290°C — PT

Béhem kazdého teplotniho cyklu byl méfen vyvoj rezonancniho spektra volnych elas-
tickych vibraci vzorku v teplotni oblasti, kde se ocekavaly DBT a BDT, tj. priblizné mezi
150 °C a 300 °C. Teplotni kroky mezi jednotlivymi méfenimi byly zvoleny mezi 10 °C
(daleko od ocekavanych prechodovych teplot) a 2 °C (blizko oc¢ekavanych prechodnych
teplot). Rychlost zahtivani a chlazen{ byla pomalé (1 °Cxmin~') s dalsimi 2 minutami
stabilizaéni doby pii kazdé métené teploté pred samotnym mérenim RUS( . Tento
pristup byl zvolen tak, aby byla zajisténa teplotni homogenita v celém objemu vzorku a
po celou dobu zaznamu spektra.

Na obr. [4.2]je zobrazen ptiklad teplotniho vyvoje zvoleného piku slitiny AA6262 béhem
zahtivaciho cyklu. Kvalita piku rychle klesa v dusledku narustu tlumeni. Je patrné, ze pik
s témeér konstantnim sklonem klesa se zvysujici se teplotou na nizsi frekvence, coz ukazuje
na vyznamné zmékéeni AIMgSi v dusledku zahiivani.

Vysledky (vyvoj 0G s teplotou) ziskané pro vzorek AA6262 jsou zndzornény na obr.
(zahfivéni) a obr. (chladnuti). Pro prvni zahiivaci cyklus MgySi indukuje urcité
ztvrdnuti pii teploté nad 180 °C, coz je vSak pferuseno pii 253 °C prudkym poklesem
oznacujicim tani éastic. Toto rapidni snizeni 6Gppr = 1.65 x 1073 se dokonéi pii teploté
262 °C. Maximalni sklon d(0G)/dT se objevuje ptiblizné pii Tppr = 257 °C.

Podobné ostré poklesy 0G lze pozorovat také pro vsSechny ostatni zahiivaci cykly.
Teplota prechodu pro druhy cyklus se mirné posunula dolu (Tpgt = 254 °C). Pro tieti a

dalsi cykly zustava tato teplota priblizné stejnd, stejné jako sitka prechodovych intervalu
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(~ 10 °C). Naopak velikost skoku spojeného s prechodem (dGppr) se v dusledku cyklovani
vyznamné méni. Maximum se objevi ve druhém cyklu (6Gpgr = 2.9 x 1073 po odecteni
celkového konkavniho trendu kiivky), coz vsak muze byt ovlivnéno skutecnosti, ze v
prvnim cyklu zmékéeni z DBT stédle superponuje s vyztuzenim zpusobenym precipitaci
Mg, Si. Déle se hodnota §Gppr postupné snizuje z 1.5 x 1073 (tfeti cyklus) na 0.6 x 1073
(paty cyklus). Zda se, ze vyvoj teplot DBT ani sifek prechodného intervalu a dGppr neni
nijak ovlivnén prehiatim nad Tpp, ve druhém a ¢tvrtém cyklu.

Pro chladnuti je vyrazné odlisny obrézek (obr. . V prvnim cyklu se objevuje v
Sirokém teplotnim intervalu (240 °C az 220 °C) s velikosti 6Gppr = 2.7 x 1073. Maximaln{
zména sklonu indikujici teplotu BDT se objevuje ptiblizné pti Tgpr = 235 °C. Podobné
sitky intervalu BDT (~ 20 °C, tj. dvakrat 8irsi nez pro DBT) lze pozorovat také pro tieti a
paty tepelny cyklus, tj. pro ty cykly, u nichz maximalni teplota nepiekrocila Tpy,. Teplota
BDT pro tyto cykly se systematicky zvySuje az na Tgpr = 250 °C pro paty cyklus.
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Obrazek 4.1: Mikrostruktura studované slitiny AA6262: (a) struktura vldknitych zrn
zvyraznénd anodizaci Barkerovym ¢inidlem; (b) detail ¢dstic obsahujicich

olovo a bizmut. [23]
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Obréazek 4.2: Piiklad vyvoje jednoho rezonanéniho piku s teplotou béhem zahiivani

vzorku AA6262. Prerusovand c¢ara predstavuje globdlni linearni trend
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Obréazek 4.3: Vyvoj 0G s teplotou béhem ohtevu probihd po dobu péti néslednych te-
pelnych cykli. Cisla 1 a 5 oznacuji ¢isla cykli, prerusované ¢ary indikuji

priblizné oblasti prechodu BDT. [23]
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Obrazek 4.4: Vyvoj 0G s teplotou béhem chladnuti probiha po dobu péti ndslednych te-
pelnych cykli. Cisla 1 a 5 oznacuji ¢isla cykli, prerusované ¢ary indikuji

priblizné oblasti prechodu BDT. [23]
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4.2 Studie vnitiniho treni ultrajemnozrnné slitiny hoiréiku AZ31

Vnitini treni v slitiné horéiku AZ31 bylo zkoumano pomoci rezonanéni ultrazvukové spek-
troskopie Bude ukézéno, ze vnitini tfeni se vyrazné zvysuje pii vyssich teplotach (>
100 °C) a ze toto zvyseni lze pripsat pokluzu po hranicich zrn (GBS). Vyvoj tohoto jevu
s ruznou velikosti zrna je studovan porovnanim vysledku ziskanych pro extrudovany ma-
terial a pro materidly po dalsim jednom, dvou a ¢tyfech pruchodech. Bylo pozorovéno,
ze aktivacni energie pro difizni GBS se s klesajici velikosti zrn vyznamné snizuje, a tim
také klesa prahova teplota, nad kterou je tento vnitini tfeci mechanismus dominantni.
Vysledky ukazuji, ze ultrajemnozrnné slitiny AZ31 vykazuji difizni GBS pii teplotach
blizkych teploté okoli, coz je zajimavé zjisténi s ohledem na mozné aplikace téchto slitin
v superplastickych formovacich technologiich. [39]

Taznost slitin hot¢iku muze byt vyznamné zlepSena zjemnénim zrna, a to zejména
zpracovanim s vyraznou plastickou deformaci (SPD) [40, 41, 42, [43]. Tento uc¢inek je
¢astecné zpusoben randomizaci orientaci zrna v dusledku SPD, coz narusi jinak silnou
krystalografickou texturu tvarenych slitin horé¢iku, ktera mé za nésledek plastickou ani-
zotropii. Kromé toho zjemnéni zrna a odpovidajici zvyseni objemové frakce hranic zrn,
umoznuji snadnéjsi plasticitu pomoci pokluzu po hranicich zrn (GBS) [44] 45, 46, [47) 48],
a také pomoci disloka¢niho skluzu [49, 50]. Jak GBS, tak skluz mohou vyznamné pfispét
ke zvysené zpracovatelnosti jemnozrnnych slitin hotciku.

Meérteni vnittniho tfeni byla mnohokrat ukazana jako citlivy a spolehlivy néstroj pro
detekei GBS [51], 52, 53], [54], jakoz i aktivity dislokaci [55] [56, 57, 58], a mohla by tedy
byt schopna detekovat vyvoj obou téchto tu¢inku v dusledku ECAP [44]. Protoze je vsak
relaxacni sila pro GBS mnohem vyssi nez u disloka¢niho skluzu [59], a protoze bazalni
systémy skluzu v slitinach jsou relativné rigidni, je pravdépodobné, Ze vnitini tfeni v
jemnozrnném AZ31 je dominantné ddno GBS. Ileva a kol. [60] pozorovali rychly narust
vnitintho tteni ECAPovaného AZ31 po zahtati nad pokojovou teplotu a ukazali, ze toto
zvyseni lze skutecné pripsat GBS.

Podobné vysledky byly ziskany Watanabe a kol. [51], ktefi kromé toho pozorovali
zavislost tohoto narustu na velikosti zrn porovnanim vysledku vnitiniho tfeni pro dva
ruzné véalcované plechy a pro odlity materidl. Fan a kol. [61], 62] pozorovali velmi po-

dobny narust vnitiniho tfeni pro ¢isty jemnozrnny hotéik, coz ukazuje, ze toto zvyseni
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lze opét pripsat GBS. Zatimco pri nizsich teplotach byl pozorovan vyrazné mensi pik
vnitfniho tieni souvisejici s dislokacnim skluzem. V této kapitole prinasime srovnani to-
hoto néarustu vnitintho tfeni pro extrudované vzorky AZ31 a AZ31, které byly kromé
extruze zpracovany 1, 2 a 4 pruchody ECAP. Hlavnim cilem této préace je ukézat, ze
vnitini tfeni (zejména v ultrazvukovém kmito¢tovém rozsahu) je schopno citlivé sledo-
vat mikrostrukturalni procesy v ultrajemnozrnném AZ31 a pfispét k porozuméni vyvoje
téchto procesu.

Zkoumanym materidlem byla komercni slitina AZ31 (nomindalni slozeni Mg — 3% Al —
1% Zn). Tento materidl, puvodné ve stavu odlitku, byl nejprve extrudovan pii 350 °C s
vytlacovanym pomérem 22. Nésledné byl zpracovan ECAP provadénym pii 180 °C (dalsi
podrobnosti viz [63]) po cesté Be (otdceni vzorku o 90 © mezi jednotlivymi pruchody).

Pripraveny byly ¢tyfi vzorky materidlu. Zakladni (OP) a po jednom (1P), dvou (2P)
a ¢tyfech (4P) pruchodech pres ECAP. Podrobné informace o vlastnostech a mikrostruk-
turdlni charakterizaci téchto materidlu lze nalézt [63, 64, [65, [66], zde je pouze strucné
shrnuti. Vychozi extrudovany material (0P) vykazoval bimodalni distribuci velikosti zrn,
soucasné velka zrna (prumeér 50 ym) a mald zrna (pruméru nékolika mikrometru). Nésledné
pruchody ECAP vedly k homogenizaci mikrostruktury a celkovému zjemnéni zrna. Na
obr. jsou porovndny EBSD obrazy mikrostruktur extrudovaného (0P) materidlu a
materidlu po ¢tyfech priuchodech ECAP (4P). Je jasné vidét, ze bimodalni struktura je
potlacena v materialu 4P.

V materidlech 1P a 2P byla stdle pfitomna urcitd bimodalni struktura ( [63]), ale
zaroven byla velikost zrn zmensena. Aby se dosdahlo jednorozmérné parametrizace procesu
zjemnovani zrn, byla z map EBSD stanovena stredni velikost zrn pro kazdy material
(stfedni velikost zrn d). Vysledné hodnoty byly dop = 2,84 um, dip = 1,11 pm, deop =
0,91 um, a dqp = 0,72 pm.

7 téchto materialu byly pripraveny vzorky ve formé malych pravoihlych rovnobéznosténu
pro méfeni RUS . Ctyii z nich (oznaceny 0P, 1P, 2P a 4P) byly pouzity pro méfenf
vyvoje vnitintho tfeni a smykového modulu béhem zahiivani z pokojové teploty na
300 °C. Ctyfi vzorky materidlu 4P byly pouzity pro méfeni béhem teplotniho cyklu, aby
se prozkoumala reverzibilita pozorovanych jevu. Tyto vzorky jsou oznaceny 4P17g; 4Pasp;

4P970; 4P319 podle maximalni teploty prislusnych tepelnych cykla. Prehled rozmeéru téchto
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Obrazek 4.5: Orientacni mapy EBSD mikrostruktur zkoumanych slitin. Vlevo: pocatecni
extrudovany material (OP); vpravo: materidl po ¢tyfech pruchodech ECAP

(4P). Zobrazené tezy jsou kolmé na smér vytlacovéni [39]

vzorku a teplotnich rozsahu, ve kterych byly vzorky méfeny, je uveden v tab. [£.2] Rych-
losti zahifvén{ a chlazeni pro vsechny vzorky byly vzdy dost malé (1 °Cxmin~!), aby se
zajistila dobré teplotni stabilita pro kazdy vzorek a méfici bod a vyhnuli jsme se vlivu
moznych dynamickych efektu.

Pted mérenim do vyssich teplot, byla ke stanoveni elastickych konstant zkoumanych
materidlu pouzita metoda RUS Jak je ukézdno pro polykrystalickou med [67],
ECAP muze vyvolat méritelnou elastickou anizotropii, ktera se méni s jednotlivymi pruchody
ECAP. Aby bylo mozné zjistit, zda lze podobny tué¢inek pozorovat také pro slitinu AZ31,
byly vzorky OP, 1P, 2P a 4P analyzovany stejnym experimentalnim postupem jako pro
méd v [67]. Pro tato méfeni byla pouzita plné bezkontaktni sada RUS

Pro kazdy vzorek bylo ziskano vice nez 50 rezonanc¢nich frekvenci ve frekvenénim roz-
sahu 0,3-2,5 MHz; tato data byla doplnéna métenim podélnych ultrazvukovych vin ve
smérech kolmych na povrchy vzorku. Elastické konstanty kazdého materialu byly poté
stanoveny inverzné pomoci postupu popsaného v [2.1.3] Poté byly méfeny vyvoje rezo-

nancnich spekter vSech vzorku s teplotou v teplotnich rozsazich uvedenych v tab. [4.2]
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Tabulka 4.2: Piehled méfenych vzorku systémem RUS[3.1.2) PT oznacuje pokojovou tep-

lotu

Vzorek Rozméry (mm?) Teplotni rozsahy

OP  1,725x 2,642 x 3,454 PT — 300 °C

1P 1,725% 2,633 x 3,457 PT — 300 °C
2P 1,730 x 2,642 x 3,458 PT — 300 °C
AP 1,680 x 2,760 x 3,354 PT — 300 °C
AP17o 0,575 % 2,798 x 3,639 PT — 170°C; 1h na 170°C; 170°C — PT
APy 0,578 x 2,911 x 4,007 PT — 220°C; 1h na 220°C; 220°C — PT
APy 0,582 % 2,533 x 3,741 PT — 270°C; 1h na 270°C; 270°C — PT
4Py, 0,565 x 2,789 x 3,623 PT — 310°C; 1h na 310°C; 310°C — PT

Tato méfeni byla také provadéna bezkontaktni metodou RUS 3.1.2]

Elastické konstanty materialu OP, 1P, 2P a 4P pii pokojové teploté vykazovaly jen
velmi malé odchylky od dokonalé elastické izotropie. Na rozdil od polykrystalické médi
studované stejnym piistupem Seiner a kol. [67], ECAP nevyvoldval zadné méritelné zmény
elastické anizotropie s jednotlivymi pruchody. Duvodem tohoto rozdilu je pravdépodobné
slaba elasticka anizotropie hotéikové mrizky ve srovnani s relativné silnou elastickou ani-
zotropii krychlové miizky meédi. V dusledku této slabé anizotropie se zmény struktury
a mikrostruktury zpusobené ECAP v ptipadé AZ31 nijak neodrazeji makroskopickymi
elastickymi vlastnostmi polykrystalického agregatu.

Vysledné elastické konstanty za pokojové teploty pro zkoumané materialy jsou uvedeny
pro kazdy vzorek. Nejvyssi hodnota je u vzorku 4P, coz dobfe souhlasi s predpokladem,
ze zjemnéni zrna zvysuje vnitini tfeni vyvolané GBS.

Znézornéni vyvoje smykovy modulu G (obr. a vnitinich parametru tfeni Q1
(obr. 4.7) s ohfevem na 300 °C. Smykové moduly byly vypocteny z detekovatelnych re-
zonancnich frekvenci pro kazdou teplotu pomoci inverzni procedury popsané v 2.1.3] s
ptihlédnutim ke zméndm rozméru vzorku s teplotou zptsobenou tepelnou roztaznosti (jako

koeficient linearni expanze ¢istého horéiku byl pouzit o = 24,8 x 107K~ 1). U vSech ma-
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Tabulka 4.3: Elastické konstanty zkoumanych materialt pti pokojové teploté: Younguv

modul (E), Smykovy modul (G) a Vnitin{ tien{ (Q~1).

Vzorek E (GPa) G (GPa) Q7! (1073)
OP 44,64 £ 0,10 17,22 £ 0,06 0,05 £0,04
1P 44,36 £ 0, 38 16,98 £ 0, 27 0,04 £0,04
2P 44,30 £ 0, 30 17,10+ 0,24 0,08 £ 0,04
AP 44,11 + 0,23 17,18 + 0,29 0,15 = 0,04

terialt vykazuji smykové moduly spojity pokles zmékéeni, linearni az do priblizné 200 °C a
poté se od linearniho trendu mirné odchyluji. Rozdily mezi chovanim jednotlivych vzorku
jsou minimdlni, zcela v rozsahu experimentélnich chyb. Pro vnitini parametry tfeni Q!
se ziskd uplné jiny obréazek.

Jak je vidét na obr. parametry Q™! se zvySuji pti zvysenych teplotdch o vice nez
dva 1ady. Zvétsend oblast na obr. ukazuje, ze pocatecni teplota zvysSeni vnitiniho treni
je skutecéné zavisla na zjemnéni zrna: pro 4P zacind narust pti vyrazné nizsi teploté nez
pro OP. Vzorky 1P a 2P sleduji stejny trend podle poctu ECAP pruchodu. Skutec¢nost,
ze tato silnd zvySeni vnitiniho tfeni u vSech materidlu se neodrazi zadnymi zménami
modult smyku (viz obr. [1.6), potvrzuje pfedpoklad, ze pozorované chovéni lze dobie
popsat vysokofrekvenénim limitem relaxac¢niho tlumeni.

Aby se urcilo, které ze zmén koeficientu vnitiniho tfeni po zahtati odpovidaji ne-
vratnym procesum, byla na ¢tyfi ruzné vzorky materialu 4P pouzita sada tepelnych cyklu
(viz tab. . Pti nejvyssi teploté pro kazdy cyklus byl vzorek vzdy zihan po dobu 1h s
cilem zjistit mozné cinky v éasovém méiftku. Vysledné kiivky Q~1(T) jsou znazornény
na obr. [4.8 Je vidét, ze pro cyklus s maximalni teplotou 170 °C je chovani vnitiniho tfeni
reverzibilni; rozdily mezi kiivkami zahiivani a chlazeni jsou pod udrovni experimentalni
chyby. Rovnéz vyvoj Q! v dusledku 1h zthani pii 170 °C je zanedbatelny, coz dokazuje,
7e mikrostruktura odpovédnd za vnitin{ tieni Q! je v tomto teplotnim rozmezi plné
stabilni.

V ostrém kontrastu indukuje zthani pti 220 °C méritelné snizeni vnitiniho treni a

kiivka Q1 (T') pro 4Pagy vykazuje Sirokou hysterezni smycku. Je ziejmé, Ze pii této teploté
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Obrazek 4.6: Vyvoj smykovych modulu (G) AZ31 materidlu OP — 4P béhem zihédni [39]

material podléha nevratnym zméndm. Hysterezni smycka se uzavie pii priblizné 250 °C,
a tak zihani po dobu 1h pfi teplotdch 270 °C a 310 °C (vzorky 4Pa7, respektive 4P310)
nevede k ¢asové zavislym zménam vnitiniho tfeni.

Pti teploté nad 250 °C je chovani materialu opét nehysterézni. Protoze teplotni roz-
mezi 200 °C - 250 °C dobte odpovida rozsahu rekrystalizace struktury ECAPem stanovené
z analyz vzorku [65], muzeme dojit k zdvéru, ze pozorovand hystereze je zpusobena re-

krystalizaci.
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Obrazek 4.7: Vyvoj parametri vnitintho tfenf Q! AZ31 materiali OP — 4P béhem Zih4nf;

zvétsend oblast ukazuje teplotn{ oblast, ve které se zac¢ind Q! zvySovat. [39]
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Obrézek 4.8: Vyvoj parametru vnitintho tieni Q= AZ31 materidlu 4P (vzorky 4Pi70;
4Py9g; 4Po7g a 4P310) s tepelnymi cykly. Kazda diléi ¢ast ukazuje jeden te-
pelny cyklus pro jeden vzorek s danou maximalni teplotou, pii které byl
vzorek vzdy zihan po dobu 1 hodiny. Pro srovnani jsou kiivky pro zbyvajici

tii vzorky zobrazeny na kazdém grafu svétle sedou barvou. [39]
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4.3 Vyvoj elastickych konstant ve slitiné s tvarovou paméti Fe-

Pd pod zatizenim

Tato kapitola se bude zabyvat studii elastické anizotropie slitiny s tvarovou paméti Fe-
Pd pod zatizenim az do 4,3% pomoci ultrazvukovych metod. Ziska se vyvoj uplného
tetragonalniho tenzoru elastickych konstant s pfepétim v rozmezi 0 - 200 MPa [68].

Neusporadané slitiny Fe-Pd s obsahem Pd priblizné 30 % a ¢dstecné usporadané slitiny
FesPd vykazuji specifické martenzitické prechody podobné druhému fadu s velmi malou
diskontinuitou miizkovych parametru pii teploté prechodu [69, [70} [71l, [72]. V superelas-
tickém rezimu, tj. pii mechanickém stlacovani tésné nad teplotou prechodu, vykazuji tyto
slitiny reverzibilni, nehysterézni, elastické chovani az do 4-6 % deformace, zejména pii
kompresich podél hlavnich {100} os. Velikost této napétim indukované tetragondlni dis-
torze je zcela srovnatelnda s Bainovou distorzi mezi krychlovymi (fcc) a tetragondlnimi
(fct) fdzemi dosazenymi béhem teplotné indukovanych ptrechodu pro stejné slitiny. Jako
takové se tyto slitiny jevi jako optimalni kandidati pro studium vyvoje rezimu s mékkymi
fonony a nestability miizky. Pozorujeme spojity vyvoj mékkych smykovych modult a sou-
visejicich nizkofrekvenénich limiti fononovych rezimi béhem zatézovani a odlehéovani a
diskutujeme, jak se tento vyvoj vztahuje ke strukturni zméné materialu.

Pouzitym vzorkem byl monokrystal ze slitiny s nominalnim slozenim Fe — 31, 2%Pd
vypéstovaného metodou floating zone method (dalsi podrobnosti viz odkaz [70]). Mono-
krystal byl tepelné zpracovan pti 1373 K po dobu 24 hodin, nac¢ez nasledovalo ponoteni do
ledové vody. Teplota martenzitického prechodu této slitiny byla stanovena méfenim mag-
netické susceptibility jako 252K, tj. dostatecné blizko pod pokojovou teplotou (298 K),
aby se ocekavalo vyse uvedené elastické chovani. Vzorek geometrie nac¢rtnuty na obr.
byl pfipraven z tohoto monokrystalu. Rozméry vzorku byly 4,84 x 4.07 x 2,78 mm?,
nejdelsi hrana byla orientovana pfiblizné podél hlavniho sméru (001). Na vzorku byly
pripraveny dva velké boéni povrchy orientaci pfiblizné (010) a (340) a vylestény; presna
krystalografickd orientace byla stanovena Laueho metodou.

Krtivka napéti-deformace (obr. ) pro zkoumany vzorek byla ziskdana kompresi podél
(001)-orientované hrany pomoci elektromechanického testovaciho stroje TiraTest 2300

(rozliseni sily 0,1 N, rozligeni deformace 0.1 gm pomoci snimacich senzoru LVDT). Soucasné
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byla méfena expanze materidlu ve sméru kolmém na zatizeni (zejména (340)) pomoci
kontaktnich indukénich ménicu s rozlisenim 0.1 pm, upnutych proti boénim stranam hra-
nolové ¢asti vzorku.

Méfteni napéti-deformace bylo provedeno pii pokojové teploté (298 K, fizeno s presnosti
+ 0,25 K) a pro napéti do 210 MPa. Tento limit byl zvolen tak, aby zustal bezpecné pod
kritickym napétim pro ireverzibilni plastickou deformaci vzorku, ktera méla byt 285
MPa [70]).

Meéteni povrchovych akustickych vin (obr. [4.9b) bylo provedeno na experimentalnim
zatizeni popsanym v této praci|3.2.3|

Kfivka napéti-deformace vzorku pii stlaceni az do 210 MPa je znézornéno na obr. [4.10]
Maximdlni dosazeny axidlni tlak byl 4,3%. Jak je vidét na obr. [£.10p, kiivka napéti-
deformace byla ptiblizné linearni s inflexnim bodem pii —ez3 = 1,8 %(cca80 M Pa) a
velmi tizkou hysterezi. Z prodlouzeni vzorku ve sméru kolmém na zatizeni bylo vypocteno
odpovidajici maximélni tetragondlni distorze jako c¢/a = 0,94, coz je vyrazné silnéjsi
nez transformacni Bainovo napéti ¢/a = 0,98 pozorovany pro teplotné indukovany fct
martenzit Fe-30Pd v blizkosti teploty ptrechodu [73]. Obr. ukazuje odpovidajict
vyvoj relativni zmény objemu; charakter zavislosti §V (—es3) byl velmi podobny jako u
kiivky napéti-deformace, s rychlost{ zmény objemu minimdalni na —e33 = 1,5 %. Ma-
ximélni zména objemu 0,54 % pii axidlnim namédhéni 4,3 % déava efektivni Poissonuv
pomér 0,453, coz naznacuje témétr dokonalé zachovani objemu béhem zatézovani.

Meérené zavislosti napéti SAW rychlosti jsou znazornény na obr. . Podobné jako
ktivka napéti-deformace vykazovaly rychlosti SAW monoténni trendy s témér nulovou
hysterezi, coz potvrzuje, ze k tetragonalizaci materialu doslo postupné, bez vytvareni
ostrych rozhrani nebo jakychkoli jinych nahlych nebo nespojitych rysu. Na obou pouzitych
volnych povrsich byla pozorovana nejslabsi zavislost rychlosti SAW na predpéti pro siteni
ve sméru rovihobézném se smérem zatizeni, zatimco tato zavislost byla nejsilnéjsi ve sméru
kolmém ke sméru zatizeni. Také rychlosti qL. (nejsou zobrazeny) vykazovaly nehysterézni,
monoténni narust se zvysujici se predpéti.

Jak je videt na obr. [£.11] pro vSechny drovné mechanického napéti a pro vsechny smeéry
Sffeni se rychlosti ziskané béhem zatézovani lisily o méné nez 0,07 mm x us—* od rychlosti

ziskanych pri odlehcovani, tj. rozdil byl vzdy srovnatelny s experimentalni chybou. Proto
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se predpokladalo, ze také vyvoj elastickych konstant s mechanickym napétim je nehys-
terézni, a proto byla pro vypocet elastickych konstant pouzita jedna hodnota rychlosti pro
kazdy smér $ifeni a kazdy rezim §ifeni pii dané irovni mechanického napéti (vypocteno
jako prumeér ze zatézovani a odlehcovani) byl pouzit pro vypocet elastickych konstant.
Timto pristupem byl vyvoj tenzoru pruznosti dosazen v rozmezi OM Pa — 200M Pa s kro-

kem 25M Pa. Uplny vyvoj elastického tenzoru s mechanickym napétim je znazornén na

obr. 412

68



[340]
Probe laser Pump laser
beam beam
—_— <
— -

O33 —>| - <— Oz3
—_— <
—> -
— <
—_— <
—_— <
— D —

transducer

aL  qL

e
—)_J\[U\‘_)__

Obrazek 4.9: (a) geometrie vzorku; (b) experimentalni usporadani pro méteni SAW; (c)
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experimentalni uspofadani pro méfeni sifeni akustické viny v bulku [6§]
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Obrazek 4.10: (a) kiivka napéti-deformace zkoumaného monokrystalu Fe-Pd pii poko-
jové teploté; (b) odpovidajici relativni zména objemu stanovend z roztazeni

vzorku ve sméru kolmém na zatizeni. [6§]
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Obrazek 4.11: Ultrazvukové rychlosti SAW meéfené na (010) a (340); 6 znamend dhel mezi

smérem komprese a smérem siteni SAW. [68]
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Obrazek 4.12: Vyvoj vSech nezavislych tetragonalnich elastickych koeficientu s mecha-

nickym napétim. [68]
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4.4 Charakterizace elasticity a fazové transformovace slitiny NiTi

s tvarovou paméti in situ

Tato kapitola obsahuje studii vzorku slitiny NiTi s polykrystalickou tvarovou paméti pod
kompresi (SMA) az 5 %, métenou pomoci laserové ultrazvukové metodiky popsané v
kapitole Vyvoj rychlosti siteni povrchové akustické viny se méri in situ béhem
mechanického zatézovani. Inverzni metoda zalozena na piistupu Ritz — Rayleigh se po-
tom pouzivé k ziskani vyvoje elastickych vlastnosti vzorku, tato metoda byla popsana [2.2]
Tento proces umoznuje analyzu vyvoje indukované transformace z austenitické na marten-
zitickou fazi, béhem mechanického zatézovani, s moznosti popsat nékolik fazi takové trans-
formace. Mechanické zatézovani zpusobuje silnou anizotropii polykrystalického vzorku a
postupny prechod na martenzit. [74] [75] 22]

Elastické vlastnosti monokrystalickych slitin s tvarovou paméti jsou obvykle silné ani-
zotropni [76, (77, [78]. V blizkosti teploty pfechodu je krystalovd mfizka nestabilni kvili
zmékéeni fononu [79, B(], coz jesté vice zvySuje anizotropii. V této kapitole je ukazéno,
ze makroskopické moduly polykrystalickych SMA mohou byt za urcitych okolnosti silné
anizotropni - v tomto pripadé po reorientaci martenzitické struktury vyvolané jedno-
osou kompresi. Je zndmo, ze tyto varianty martenzitu uvniti jednotlivych zrn, které
jsou orientovény v ose zatézovani, rostou rychleji nez ostatni [81], [82], 83]. Méteni in situ
nabizi mnohem podrobnéjsi pohled na chovani materiali béhem mechanického zatézovani
s potencialem ptimo popsat probihajici procesy. Elastické konstanty polykrystalického
SMA zavisi na monokrystalickych elastickych koeficientech jednotlivych fazi, objemovych
zlomcich téchto fazi, krystalografické struktufe austenitu, martenzitické mikrostruktury
a vzajemné morfologie austenitu a martenzitu [84].

Studovany vzorek byl vyroben z komeréné dostupného NiTi (50,5 % Ni a 49,5 % Ti).
Velikost vzorku byla 5 times15 x 50 mm?, jeden povrch vzorku byl vylestén. Pii pokojové
teploté je materidl ve stavu austenitu a R-fize. Transformacni teplota je uvedena v [85].
Pro méfeni rychlosti povrchovych akustickych vin (SAW) byla pouzita zrcadlova plocha.

Kftivka napéti-deformace zkoumaného vzorku pii pokojové teploté je zndzornéna na
obr. [4.13] Méteni bylo provedeno v 16 ruznych vzdalenostech mezi excitaénim a detekénim

mistem pro ziskani rychlosti SAW v konkrétnim sméru. Toto méreni bylo provedeno v 5
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Obrazek 4.13: Krivka napéti-deformace béhem méteni [22]

uhlech mezi §itici se vilnou a osou zatizeni ve vice nez 50 bodech mechanického napéti
béhem zatézovani. Vysledny vyvoj rychlosti v ruznych smérech béhem zatézovani je
znézornén na obr. .14l

7 téchto rychlosti povrchovych vin byl pomoci|2.2| vypocten vyvoj elastickych konstant,
zobrazenych na obr.

Ktivka napéti-deformace obr. ukazuje charakter typicky pro pamétové slitiny
pod kompresi [86]. Ukazuje pocateéni témér linearni odezvu, pak plato martenzitického
prechodu mezi piiblizné 1,3 % a 3,5 % a nésledujici zatizeni martenzitu. Méfené rychlosti
SAW (obr. [4.14)) a odpovidajici smykové moduly (obr. dokumentuji prubéh procesu
v materialu pfi zatézovani.

V pocatecni fazi zatézovani az do zacatku martenzitického fazového prechodu nad
1,3 % vznikd prekvapive silnd anizotropie vzorku. S maximem na zacdtku fazového
prechodu dosahuje anizotropie pomér 1,35 mezi moduly pruznosti ve smyku. Predpoklada
se, ze je to zpusobeno indukci reorientace trigonalni R-faze a bylo ovéreno, ze tento pro-
ces je plné reverzibilni a lze jej pozorovat pouze béhem méreni in situ pri mechanickém
zatézovani.

Druha cast ukazuje vyvoj elastickych konstant béhem mechanickym tlakem induko-

vané transformace martenzitické faze. Material ztuhne ve vSech smérech, protoze elas-
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Obrazek 4.14: Experimentalné ziskané rychlosti SAW v ruznych thlech s ohledem na

zatizeni. [22]

tické konstanty martenzitu jsou vyssi nez u R-faze. Zajimavy je vSak charakter prubéhu
- kdyz se cyqq zvySuje linearné, vyvoj cgs vykazuje urcité zakiiveni. 7Z této skutecnosti
lze predpokladat, ze zatimco na makroskopické drovni probiha martenziticky piechod pti
kompresi homogenné, je heterogenni na irovni mikrostruktury. Data ziskand pouzitou me-
todikou jsou bohuzel nedostacujici pro iplné pochopeni heterogenity a samotného procesu,
protoze vétsinou obsahuji informace o smykovém chovani, a proto musi byt doprovazena
doplinkovymi méfenimi podélné viny.

Treti a posledni ¢ast kiivky napéti-deformace ukazuje konecné zatizeni dominantné
martenzitického vzorku. Bylo pozorovano, ze elastické koeficienty martenzitu zavisi na
zatizeni plné reverzibilnim zpusobem. Po odlehceni si orientovany martenzit zachovava
svoji anizotropni elasticitu, coz je zcela v souladu s vysledky zjisténymi méfenim ex situ

v [75].
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76



5 Zavér

Tato prace si kladla za cil popsat métici systémy, na jejichz vyvoji se autor podile. V ramci
tohoto popisu byl vzdy uveden navrh, vlastni realizace a popis fizeni, véetné pouzitych al-
goritmu. Diky vyvinutym fidicim a ovladacim mechanismim je nyni mozné tyto aparatury
provozovat v pozadovanych rezimech s ruznou trovni nastaveni. Ovladani téchto systému
zvladnou pracovnici oddéleni i studenti po kratkém zaskoleni. Ke kazdé mérici aparatute
je k dispozici i podrobny navod, ktery dotyénému operatorovi pomuze se zakladnim na-
stavenim a ovladanim.

Tyto aparatury je mozné ridit a hlavné kontrolovat pomoci vzdaleného ptistupu, coz
je velmi vyhodné zejména u dlouhotrvajicich méfeni (v fadu dni ¢ tydni). Béhem téchto
dlouhotrvajicich méteni tedy neni nezbytné nutné, aby operdtor byl fyzicky pfitomen na
pracovisti.

V jednotlivych kapitolach ( a byly detailné popsany jednotlivé métici systémy
a v kapitolach [4] byly uvedeny piiklady aplikaci téchto systému pro ruzné problémy z
oblasti materidlového vyzkum. Rada vysledki byla jiz publikovdna s autorskym podilem

autora prace, a dalsi jsou k publikaci aktualné pripravovany.

5.1 Hlavni ptivodni védecké prinosy disertacni prace:

e V ramci této prace jsem navrhnul, postavil, zprovoznil, naprogramoval a otestoval

vSechny vyvijené systémy, uvedené v kapitole [3]

e V kapitole [4] jsem uvedl nékolik piikladu méfeni, kterd jsem na téchto systémech

provedl
e V piiloze [C] jsou uvedeny publikované vysledky méreni, které jsem témito systémy

méril a podilel se na vyhodnoceni.

5.2 Dalsi smér vyzkumu

e Vyvoj bezkontaktniho méfeni materialu pod mechanickém zatézovani se zménou

teploty a moznosti méteni plné anizotropie.
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e Navrh a realizace skenovaciho akustického mikroskopu s moznosti méreni distribuce

energie v periodickych materidlech.

e Vyvoj mériciho systému zalozeného na bezkontaktnim méreni materidlu ve sta-

cionarnim magnetickém poli se zménou teploty.

e Na realizovanych systémech se pocita s dalsimi mérenimi, ktera prispéji k lepsimu

pochopeni déju vnitinich struktur materialu.
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Obrazek A.1: Kontrukce regulacniho zdroje pro jeden peltieruv c¢lanek vyrobeny

spole¢nosti Space Research Instruments s.r.o.



B Vypis programu

"#Reference {5BF46737-4121-4B92-AF7A-BF07871BDAE3}#1.0#0#C: \Program Files

\Common Files\Polytec\COM\PolyTimer.d11l#Polytec PolyTimer Type Library

’#uses "SwitchToAcquisitionMode.bas"

Option Explicit

> Global constants

Const

Const
Const
Const
Const
Const
Const

Const

)

CA_FileFilter = Array("Scan Data (*.svd) |*.svd|All Files (k.x*)|x.x|
|", "Single Point Data (*.pvd) |*.pvd|All Files (k.*)|x.*|]|")

CA_FileExt = Array(".svd", ".pvd")

C_FileFilter = "Soubor teplot (*x.txt)|*.txt|All Files (k.%)|*x.x||"

C_FileExt = ".txt"

C_Scan), = 0

C_SinglePoint} = 1

C_Progress$ = "|"

C_MaxProgressChary = 130

> Global variables

Dim BackButtonPressed As Boolean

Dim DlgAborted As Boolean

Dim AcqType As Integer

Dim BaseFileName(2) As String

Dim AcqBaseFileName(2) As String

Dim AcqCount As Integer

Dim WaitingTime As Integer

Dim AcqgStartTime As Date

Dim AcqgStartDirect As Boolean

Dim IsVibSoft As Boolean

Dim oPolyTimer As POLYTIMERLib.Timer



Dim Nazev_Souboru As String ’nazev souboru pro teploty

Dim teplota() As Integer ’ dynamicke pole teplot

J

Sub Main

Call InitGlobalVariables

If Not SwitchToAcquisitionMode() Then GoTo MEnd
If IsVibSoft Then GoTo M1

M1:

Call SelectAcquisitionType

If DlgAborted Then GoTo MEnd

M2:

Call SelectBaseFilename

If DlgAborted Then GoTo MEnd

If BackButtonPressed Then GoTo M1
M3:

Call VyberSouborTeplot

If DlgAborted Then GoTo MEnd

If BackButtonPressed Then GoTo M2

If Dir(Nazev_Souboru) <> "" Then

GoTo M4

Else

MsgBox ("Soubor neexistuje, zkuste to znovu")
GoTo M3

End If



M4 .

Call Nacteni_souboru ’nacte soubor teplot a ulozi je do promene

AcqCount = UBound(teplota) ’pocet mereni

Call StartTimedAcquisition
If DlgAborted Then GoTo MEnd

If BackButtonPressed Then GoTo M3

If Not AcgStartDirect Then
Call ShowClock

If DlgAborted Then GoTo MEnd
End If

If AcqgStartDirect Then

Call DoAcquisition

End If

MEnd:

MsgBox ("Konec makra.", vb0kOnly)

End Sub

Private Sub SelectAcquisitionType

Begin Dialog UserDialog 400,203, "Priprava mereni",
.SelectAcquisitionTypeDlgProc
Text 20,7,360,14,"Vyber typ mereni.",.Textl

OptionGroup .AcquisitionType



OptionButton 60,49,210,14,"*Single shot* mereni",
.OptionSinglePoint

OptionButton 60,84,160,14,"Scan", .OptionScan

PushButton 290,175,90,21,"Dale >",.NextButton

CancelButton 190,175,90,21

End Dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe= Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

End If

End Sub

Private Function SelectAcquisitionTypeDlgProc(DlgItem$, Actioni,

SuppValue&) As Boolean

Select Case Actionj

Case 1 ’ Dialog box initialization

If AcqType = C_Scanj, Then

DlgValue "AcquisitionType" , 1

ElseIf AcqType = C_SinglePoint) Then
DlgValue "AcquisitionType" , O

End If

Case 2 ’ Value changing or button pressed
If Dlgltem$ = "NextButton" Then

If DlgValue("AcquisitionType") = O Then
AcqType = C_SinglePoint}

Elself DlgValue("AcquisitionType") = 1 Then



AcqType = C_Scan,

End If

End If

Rem SelectAcquisitionTypeDlgProc = True ’ Prevent button press
from closing the dialog box

Case 3 ’ TextBox or ComboBox text changed

Case 4 ’ Focus changed

Case 5 ’ Idle

Rem SelectAcquisitionTypeDlgProc = True ’ Continue getting idle
actions

Case 6 ’ Function key

End Select

End Function

Private Sub SelectBaseFilename

> Declare User Dialog
Begin Dialog UserDialog 400,203,"Priprava mereni",
.SelectBaseFilenameDlgProc

Text 20,7,360,14,"Vyber zakladni nazev souboru.",.Textl

Text 20,28,350,28,"Mereni bude ulozeno pod zdanym zakladnim
nazvem souboru zakoncenym poradim mereni.",.Text2

Text 20,70,90,14,"Umisteni:", .Text3

Text 130,70,240,14,"Static", .FilePath

Text 20,105,100,14,"Nazev:", .Text4d

TextBox 130,98,240,21, .BaseFilename

PushButton 290,175,90,21,"Dale >", .NextButton

PushButton 20,175,90,21,"< Zpet", .BackButton

CancelButton 190,175,90,21



PushButton 280,126,90,21,"Hledej...", .BrowseButton
End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

End If

End Sub

Private Function SelectBaseFilenameDlgProc(DlgItem$, Action’, SuppValuek)

As Boolean

Dim sFilePath As String
Dim sPath As String
Dim sFileName As String

Dim sExt As String

Select Case ActionY,
Case 1 ’ Dialog box initialization

BackButtonPressed = False

sFilePath = AcgqBaseFileName (AcqType) + CA_FileExt (AcqType)
Call SplitPath(sFilePath, sPath, sFileName, sExt)

DlgText "BaseFilename", sFileName
DlgText "FilePath", sPath
If IsVibSoft Then



DlgVisible "BackButton", True

End If

Case 2 ’ Value changing or button pressed

If Dlgltem$ = "BrowseButton" Then

sFilePath = FileOpenDialog(DlgText ("BaseFilename"),
CA_FileFilter (AcqType), CA_FileExt(AcqType))

If sFilePath <>"" Then

Call SplitPath(sFilePath, sPath, sFileName, sExt)

DlgText "BaseFilename", sFileName

DlgText "FilePath", sPath

End If

SelectBaseFilenameDlgProc = True

ElseIf Dlgltem$ = "NextButton" Or Dlgltem$ = "BackButton" Then

sFileName = DlgText ("BaseFilename")

sPath = DlgText("FilePath")

sFilePath = sPath + sFileName

Call SplitPath(sFilePath, sPath, sFileName, sExt)

AcgBaseFileName (AcqType) = sPath + sFileName

End If

If Dlgltem$ = "BackButton" Then

BackButtonPressed = True

End If

Rem PrepareTimedMeasurementDlg = True ’ Prevent button press from
closing the dialog box
Case 3 ’ TextBox or ComboBox text changed
Case 4 ’ Focus changed
Case 5 ’ Idle
Rem PrepareTimedMeasurementDlg = True ’ Continue getting idle
actions

Case 6 ’ Function key



End Select

End Function

Private Sub VyberSouborTeplot ’vyber souboru teplot

> Declare User Dialog

Begin Dialog UserDialog 400,203, "Nacteni souboru teplot",
.VyberNazevSouboruTeplot

Text 20,7,360,14,"Nactete soubor teplot, pri kterych chcete

merit", .Textl

Text 20,70,90,14,"Umisteni:", .Text3

Text 130,70,240,14,"Static", .FilePath

Text 20,105,100,14,"Nazev:", .Text4

TextBox 130,98,240,21, .BaseFilename

PushButton 290,175,90,21,"Dale >",.NextButton

PushButton 20,175,90,21,"< Zpet", .BackButton

CancelButton 190,175,90,21

PushButton 280,126,90,21,"Hledej...", .BrowseButton

End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

End If

End Sub

Private Function VyberNazevSouboruTeplot(DlgItem$, Action’,, SuppValue&)

As Boolean

’ Select filename.



Dim sFilePath As String
Dim sPath As String
Dim sFileName As String

Dim sExt As String

Select Case Action
Case 1 ’ Dialog box initialization

BackButtonPressed = False

sFilePath = Nazev_Souboru

Call SplitPath(sFilePath, sPath, sFileName, sExt)

DlgText "BaseFilename", sFileName

DlgText "FilePath", sPath

If IsVibSoft Then

DlgVisible "BackButton", True

End If

Case 2 ’ Value changing or button pressed

If Dlgltem$ = "BrowseButton" Then

Nazev_Souboru = FileOpenDialog(DlgText ("BaseFilename"),
C_FileFilter, C_FileExt)

’sFilePath = FileOpenDialog(DlgText ("BaseFilename"),
C_FileFilter, C_FileExt)

’If sFilePath <>"" Then

’Call SplitPath(sFilePath, sPath, sFileName, sExt)

’DlgText "BaseFilename", sFileName

’DlgText "FilePath", sPath

’End If

’VyberNazevSouboruTeplot = True

’Elself DlgItem$ = "NextButton" Or Dlgltem$ = "BackButton" Then



’sFileName = DlgText("BaseFilename")
’sPath = DlgText("FilePath")
’Nazev_Souboru = sPath + sFileName
End If

If DlgItem$ = "BackButton" Then
BackButtonPressed = True

End If

Rem PrepareTimedMeasurementDlg = True ’ Prevent button press from
closing the dialog box

Case 3 ’ TextBox or ComboBox text changed

Case 4 ’ Focus changed

Case 5 ’ Idle

Rem PrepareTimedMeasurementDlg = True ’ Continue getting idle
actions

Case 6 ’ Function key

End Select

End Function

Private Sub SelectCountAndTime

> Declare User Dialog

Begin Dialog UserDialog 400,203,"Priprava mereni",
.SelectCountAndTimeDlg

Text 20,7,360,14,"Zadej pocet mereni.",.Textl

Text 20,91,350,14,"Zadej cas cekani mezi dvemi merenimi.",.Text2

TextBox 250,28,90,21, .Count

TextBox 250,112,90,21, .Time

PushButton 290,175,90,21,"Dale >",.NextButton



PushButton 20,175,90,21,"< Zpet", .BackButton
CancelButton 190,175,90,21

Text 70,35,140,14,"Pocet mereni:",.Text3
Text 70,119,160,14,"Cas cekani (sec.):",.Text4d
End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

End If

End Sub

Private Function SelectCountAndTimeDlg(DlgItem$, Action’,, SuppValue&)

As Boolean

Select Case Actionj

Case 1 ’ Dialog box initialization

BackButtonPressed = False

DlgText "Count" , CStr$(AcqCount)

DlgText "Time" , CStr$(WaitingTime)

Case 2 ’ Value changing or button pressed

If DlgItem$ = "NextButton" Or DlgItem$ = "BackButton" Then

AcqCount = Val(DlgText("Count"))

WaitingTime = Val(DlgText("Time"))
End If
If DlgItem$ = "BackButton" Then

BackButtonPressed = True



End If

Case 3 ’ TextBox or ComboBox text changed
Case 4 ’ Focus changed

Case 5 ’ Idle

Case 6 ’ Function key

End Select

End Function

Private Sub StartTimedAcquisition

> Declare User Dialog
Begin Dialog UserDialog 400,203, "Zacatek mereni",
.StartTimedAcquisitionDlg

Text 20,7,360,14,"Veber zacatek mereni.",.Textl

OptionGroup .StartOptions

OptionButton 40,42,320,14,"&Ihned po stlaceni tlacitka Kone",
.OptionStartDirect

OptionButton 40,84,160,14,"&Zacit mereni v case",
.OptionStartTimed

PushButton 290,175,90,21,"Konec", .FinishButton

PushButton 20,175,90,21,"< Zpet", .BackButton

CancelButton 190,175,90,21

TextBox 230,77,120,21,.StartTime

End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = O Then



DlgAborted = True
End If
End Sub

Private Function StartTimedAcquisitionDlg(DlgItem$, Action’, SuppValue&)

As Boolean

Select Case Actionj

Case 1 ’ Dialog box initialization
BackButtonPressed = False

If AcgStartDirect Then

DlgValue "StartOptions" , O

Else

DlgValue "StartOptions" , 1

End If

AcqStartTime = Time

DlgText "StartTime", CStr$(AcqStartTime)
Case 2 ’ Value changing or button pressed
If Dlgltem$ = "FinishButton" Then

If DlgValue("StartOptions") = O Then
AcqgStartDirect = True

Else

AcqgStartDirect = False

End If

AcgStartTime = TimeValue(DlgText("StartTime"))
End If

If DlgItem$ = "BackButton" Then
BackButtonPressed = True

End If



Case 3 ’ TextBox or ComboBox text changed

Case 4 ’ Focus changed

> Update Time value if edit box looses the focus
If SuppValue& = DlgNumber("StartTime") Then
AcgStartTime = TimeValue(DlgText("StartTime"))
DlgText "StartTime", CStr$(AcqStartTime)

End If

Case 5 ’ Idle
Case 6 ’ Function key
End Select

End Function

Private Sub ShowClock

> Declare User Dialog

Begin Dialog UserDialog 400,84, "Mereni zacne za ...",.ShowClockDlg
GroupBox 20,7,360,35,"", .GroupBox1
Text 120,21,140,14,"2:22", . TimeDiff
CancelButton 150,56,90,21

End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

ElseIf iRe 1 Then

AcgStartDirect = True



End If
End Sub

Private Function ShowClockDlg(DlgItem$, Action%, SuppValue&) As Boolean

Static LastTime

Select Case Actionj

Case 1 ’ Dialog box initialization

LastTime = Time

DlgText "TimeDiff", TimeSpan(AcqStartTime - LastTime)
Case 2 ’ Value changing or button pressed

Case 3 ’ TextBox or ComboBox text changed

Case 4 ’ Focus changed

Case 5 ’ Idle

If LastTime < Time Then

LastTime = Time

If AcgStartTime <= LastTime Then

DlgEnd 1

Else

DlgText "TimeDiff", TimeSpan(AcqStartTime - LastTime)
End If

End If

ShowClockDlg = True

Case 6 ’ Function key

End Select

End Function

Private Sub DoAcquisition



> Acquisition.

> Declare User Dialog

Begin Dialog UserDialog 400,203,"Provadi se mereni", .DoAcquisitionDlg
GroupBox 20,105,360,35,"", .GroupBox2

Text 20,28,100,14,"Mereni cislo:", .Textl
Text 130,28,90,14,"1 of 100", .AcgNo
GroupBox 20,42,360,35,"", .GroupBox1

Text 30,56,340, 14, "#####", .AcqProgress

Text 20,91,150,14,"Pro teplotu:",.Text2
Text 30,119,340,14,"0", .teplota

’Text 20,91,150,14,"Cekani...", .Waiting
’Text 30,119,340,14, "#####", .WaitingProgress
PushButton 290,175,90,21,"Stop", .StopButton
End Dialog

> Show dialog

Dim dlg As UserDialog

Dim iRe As Integer

iRe = Dialog (dlg)

If iRe = 0 Then

DlgAborted = True

End If

End Sub

Private Function DoAcquisitionDlg(DlgItem$, Action’,, SuppValue&)

As Boolean

Static AcgMode As Integer ’ O = Start Acquisition , 1 = Acquisition

in progress, 2 = waiting



Static AcgNo As Integer
Static WaitingTimer
Static LastTimer

Dim sProgress As String

Select Case Actionj

Case 1 ’ Dialog box initialization

AcgMode = 0

AcglNo =1

DlgText "AcgNo" , ""

DlgText "AcqgProgress" , ""

’DlgText "WaitingProgress" , "

Case 2 ’ Value changing or button pressed

If Acquisition.State <> ptcAcqStateStopped Then

Acquisition.Stop

End If

Case 3 ’ TextBox or ComboBox text changed

Case 4 ’ Focus changed

Case 5 ’ Idle

If AcqMode = O Then ’ Start Acquisition

DlgText "AcqgProgress" , ""

DlgText "AcqNo" , CStr(AcgNo) + " of " + CStr$(AcqCount)

DlgText "teplota", CStr(teplota(AcqNo))

If AcqType = C_Scan), Then

Acquisition.ScanFileName = AcqBaseFileName (AcqType) + "_"
+ CStr(AcgNo) + "(" + CStr$(teplota(AcgNo)) + ")" +
CA_FileExt (AcqType) ’zmena jmena

Call Mereni ’volani procedury mereni

’Acquisition.Scan ptcScanAll ’mereni bez nastavovani
teplot

Else



Acquisition.Start ptcAcqStartSingle

End If

AcgMode =1

ElseIf AcqMode = 1 Then

If Acquisition.State = ptcAcqgStateStopped Then

If AcqType = C_SinglePoint} Then

Acquisition.Document.SaveAs (AcqBaseFileName (AcqType)
+ CStr$(AcqNo) + CA_FileExt (AcqType))

End If

AcgNo = AcqgNo + 1

If AcqNo > AcqCount Then

DlgEnd 1

End If

AcgMode = 2

WaitingTimer = oPolyTimer.Time + WaitingTime

LastTimer = oPolyTimer.Time + 1

Else

sProgress = DlgText ("AcqProgress")

sProgress = sProgress + C_Progress$
If Len(sProgress) > C_MaxProgressChary Then
sProgress = C_Progress$

End If

DlgText "AcqProgress", sProgress
End If

ElseIf AcqMode = 2 Then

Dim TimerO As Double

TimerO0 = oPolyTimer.Time

If WaitingTimer <= TimerO Then
’DlgText "WaitingProgress", ""
AcgMode = 0

Elself LastTimer <= TimerO Then



LastTimer = oPolyTimer.Time + 1
sProgress = DlgText("WaitingProgress")
sProgress = sProgress + C_Progress$

If Len(sProgress) > C_MaxProgressChary Then

sProgress = C_Progress$

End If

DlgText "WaitingProgress", sProgress

End If

End If

Wait 0.5 ’ Give the application time to do the acquisition
DoAcquisitionDlg = True

Case 6 ’ Function key

End Select

End Function

)
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Const c_OFN_HIDEREADONLY As Long = 4

Private Function FileOpenDialog(sFileName As String, sFilter As String,

sAcqType As String) As String

On Error GoTo MCreateError

Dim fod As Object

Set fod = CreateObject("MSComDlg.CommonDialog")
fod.FileName = sFileName

fod.Filter = sFilter

fod.Flags = c_OFN_HIDEREADONLY



fod.CancelError = True
On Error GoTo MCancelError

fod.ShowOpen

FileOpenDialog = fod.FileName
GoTo MEnd

MCancelError:

FileOpenDialog = ""

GoTo MEnd

MCreateError:

FileOpenDialog = GetFilePath(sFileName, Right$(sAcqType, 3),CurDir(),

"Select a base file", 2)
MEnd:

End Function

Private Sub SplitPath(sFilePath As String, sPath As String, sName As

String, sExt As String)

Dim iBSlash As Integer

Dim iDot As Integer

iBSlash = InStrRev(sFilePath, "\")
If iBSlash > O Then

sPath = Left$(sFilePath, iBSlash)
Else

sPath = ".\"

End If

iBSlash = InStrRev(sFilePath, "\")
sName = Right$(sFilePath, Len(sFilePath) - iBSlash)



iDot = InStrRev(sName, ".")

If iDot > O Then

sExt = Right$(sName, Len(sName) - iDot)
sName = Left$(sName, iDot - 1)

Else

sExt = ""

End If

End Sub

Private Function TimeSpan(T As Date) As String

If DatePart("h", T) > O Then
TimeSpan = Format(T, "h \h n \m\i\n")
ElselIf DatePart("n", T) >= 1 Then

TimeSpan = Format(T, "n \m\i\n s \s\e\c")
Else

TimeSpan = Format(T, "s \s\e\c")

End If

End Function

Private Sub Nacteni_souboru() ’procedura pro nacteni teplot do pole
Dim Counter As Integer ’lokalni promena pro posun v poly

Dim pomocna As String ’lokalni pomocna promena

Open Nazev_Souboru For Input As# 1 ’otevre soubor pro cteni -
zjisteni velikosti souboru
Open Nazev_Souboru For Input As# 2 ’otevre soubor pro cteni -

nacteni teplot



Counter = 0 ’vychozi hodnota

’timto cyklem zjistime pocet teplot a jestli jsou to pouye cisla
Do While Not EOF(1) ’delej, dokud neni konec souboru
Counter = Counter + 1 ’posun pole o jedna
Input #1, pomocna ’ulozi promenou do promene String pomocna
If Not IsNumeric(pomocna) Then
MsgBox ("V souboru musi byt pouze cisla - konec programu",
vb0OkOnly)
End ’ukonci program
End If

Loop

ReDim teplota(Counter) ’pole dlouhe podle poctu teplot

Counter = 0 ’vychozi hodnota

’timto cyklem nacteme teploty do pole
Do While Not EOF(2) ’delej, dokud neni konec souboru
Counter = Counter + 1 ’posun pole o jedna
Input #2, teplota(Counter) ’cti a uloz promenné do pole
"TEPLOTA"

Loop

Close ’zavri soubory

End Sub
Private Sub Mereni() ’procedura pro obsluhu nastaveni teploty a mereni
DigitalPorts.Item(ptcDigitalPortQOutl) .Value=True ’na AUX OUT "1"

Wait 60 ’cekani v secundach

While DigitalPorts.Item(ptcDigitalPortInl).Value=False ’smycka dokud



neni na AUX IN "1"

Wait 0.0001 ’cekani v secundach

If Acquisition.State <> ptcAcqStateStopped Then
Acquisition.Stop

End If

Wend ’konec while

DigitalPorts.Item(ptcDigitalPortOutl) .Value=False ’na AUX OUT "O"

Wait 5 ’cekani v secundach

End Sub

Private Sub InitGlobalVariables

BackButtonPressed = False

DlgAborted = False

AcqBaseFileName(C_Scan’) = CurDir$() + "\Scan"
AcgBaseFileName(C_SinglePoint%) = CurDir$() + "\Analyzer"
Nazev_Souboru = CurDir$() + "\teploty"

WaitingTime = O

AcqgStartTime = Time

AcgStartDirect = True



IsVibSoft = InStr(Name, "Scanning") = 0
DigitalPorts.Item(ptcDigitalPortOutl) .Value=False ’na AUX OUT "O"
’Call Nacteni_souboru ’nacte soubor teplot a ulozi je do promene
’AcqCount = UBound(teplota) ’pocet mereni

If IsVibSoft Then

AcqType = C_SinglePoint}
Else

AcqType = C_Scanj,

End If

Set oPolyTimer = New POLYTIMERLib.Timer
oPolyTimer.Start

End Sub
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Abstract Internal friction in ultrafine-grained AZ31
magnesium alloy is investigated by resonant ultrasound
spectroscopy. It is shown that the internal friction signifi-
cantly increases at elevated temperatures (=100 °C), and
that this increase can be attributed to grain boundary slid-
ing (GBS). The evolution of this phenomenon with grain
refinement is studied by comparing the results obtained for
an extruded material and for materials after additional one,
two, and four passes of equal channel angular pressing. It is
observed that the activation energy for diffusive GBS
significantly decreases with decreasing grain size, and so
does also the threshold temperature above which this
internal friction mechanism is dominant. The results prove
that the ultrafine-grained AZ31 alloys exhibit diffusive
GBS at temperatures close to the ambient temperature,
which is an interesting finding with respect to the possible
applications of these alloys in superplastic forming
technologies.
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Introduction

The ductility of hcp magnesium alloys can be significantly
improved by grain refinement, and in particular by severe
plastic deformation (SPD) processing [1—4]. This effect
partially results from the randomization of the grain ori-
entations due to the SPD, which disturbs the otherwise
strong crystallographic texture of the wrought magnesium
alloys and suppresses the consequent plastic anisotropy.
Additionally, the grain refinement and the corresponding
increase of the volume fraction of grain boundaries enable
easier plastic flow by the grain boundary sliding (GBS)
[5-9], and also by the non-basal dislocation slip, since the
activation of the non-basal slip system is enabled by
compatibility stresses at the grain boundaries [10, 11]. Both
the GBS and the non-basal slip can contribute significantly
to the enhanced workability of finely grained magnesium
alloys.

In this paper, we present an experimental study of the
evolution of internal friction in the AZ31 alloy with a
gradual grain refinement given by repetitions of the equal
channel angular pressing (ECAP, [5]). The internal friction
measurements have been shown many times as a sensitive
and reliable tool for detection of GBS [12-15], as well as
of the activity of dislocations [16—19], and could be, thus,
able to detect the evolution of both these effects due to
ECAP. However, as the relaxation strength for GBS is
much higher than for the dislocation slip [20], and as the
non-basal slip systems in hcp alloys are relatively rigid, it
is plausible that the internal friction in finely grained AZ31
is dominantly given by GBS. Ileva et al. [21] reported a
rapid increase of internal friction of ECAPed AZ31 upon
heating above the room temperature and have shown that
this increase can be indeed attributed to GBS. Similar
results were obtained by Watanabe et al. [12] who, in
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addition, observed the dependence of this increase on the
grain size by comparing internal friction results for two
different rolled plates and for the as-cast material. Fan et al.
[22, 23] reported a very similar increase for finely grained
pure magnesium, showing that this increase can be again
ascribed to GBS, while a significantly smaller internal
friction peak related to the dislocation slip was observed at
lower temperatures. Here we bring a comparison of this
internal friction increases for extruded AZ31 and AZ31
samples that were, additionally to the extrusion, processed
by 1, 2, and 4 ECAP passes. In summary, the main aim of
this paper is to show that the internal friction (in particular
in the ultrasonic frequency range) is able to monitor sen-
sitively the microstructural processes in ultrafine-grained
AZ31, and to contribute, by such observations, to the
understanding of the evolution of these processes with
grain refinement, temperature, and thermal history of the
material.

Theoretical background

Resonant ultrasound spectroscopy for internal friction
measurements

The resonant ultrasound spectroscopy (RUS, [24-26]) is an
experimental method used mainly for determination of
elastic constants of solids. This method is based on mea-
surements of the resonant frequencies of free elastic
vibrations of a given small sample with known shape and
mass density. From a set of such resonant frequencies
(typically several tens of frequencies from the lowest part
of the spectrum), the elastic constants are determined
inversely by minimizing some objective function

F= 300 = 7)) (1)

with respect to the sought elastic constants c;;, where f7
and ff‘ﬂc are, respectively, the experimentally determined
resonant frequencies and the corresponding resonant fre-
quencies calculated for given ¢;; by a mathematical model.
The correct pairing between the measured and calculated
frequencies is ensured by comparing the calculated modal
shapes of vibrations for the individual involved modes with
those detected experimentally using e.g., a scanning laser
vibrometer [26, 27]. With sufficiently large number of
modes involved, the RUS method is able to determine up to
all 21 independent elastic coefficients of a triclinic solid
[27]; however, some of the elastic constants are always
determined more accurately than the others, since the
lowest resonant frequencies involved in the RUS procedure
are necessarily related to the softest straining modes of the

sample, which are dominantly shears, while the contribu-
tion of the elastically stiffer longitudinal and volumetric
straining modes is much weaker. If the material is isotropic
(with two independent elastic constants, the shear modulus
G and the bulk modulus K), the first few peaks in the
spectrum are related only to G.

As shown by Sumino et al. [28], besides the determination
of the elastic constants, the RUS method can be also employed
for the determination of the internal friction. This concept was
successfully adopted for various material systems [29-31]. If a
small sample of the examined material vibrates at a resonant
frequency f, the presence of an internal friction mechanism is
represented by an increase of the width of the resonant peak.
The internal friction coefficient QS‘XL for a given resonant mode

can be defined as 0! = FWHM /f, where FWHM stands for

exp
the full-width-at-half-maximum of the peak, and the subscript
exp indicates that this coefficient was determined from an
experimentally obtained resonant curve.

The internal friction of a material with a given set of
independent elastic constants c;; can be fully described by a
corresponding set of internal friction coefficients Qj h
assuming that the internal friction exhibits the same sym-
metry class as the elasticity of the material. For small Q;;!,

-1

the relation between Qijl and Qexp

for a given resonant
mode can be derived by a perturbation theory [25, 28] as

2 of
-1 _ L9
exp _fzij:cu ac; i (2)
If the material is isotropic, this relation simplifies into
- 2 of of _
1 _ 1 1
exp_]?(G%QG +K6_KQK >a (3)

where Q;' and Q! are the internal friction coefficients
related to shearing and to hydrostatic compression,
respectively. As discussed above, the resonant frequencies
of the modes from the lowest part of the spectrum are
mainly dependent on the shear modulus, i.e.,

ki > ®

G|~ ok

oG

so the second term in (3) can be neglected. The assumption
that the resonant frequency f depends only on the shear
modulus G implicates directly that G = af?, where a is a
constant. On substituting such a relation into (3), the terms
including f cancel, and the final relation reads Q;fp = Q(’;l.
In other words, the FWHM/f ratios for the first few reso-
nant modes from the RUS spectrum for an isotropic
material are directly equal to the shear internal friction
coefficient. Hence, for simplicity, we will from hereafter
use the symbol Q! to denote this coefficient, and will not
distinguish between whether this coefficient was obtained

@ Springer
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as FWHM/f from the experimental spectrum or is a
material property.

Internal friction in materials with GBS

Since the GBS is a relaxation process (i.e., a viscous process
with some characteristic time scale), the Q! in the materials
with GBS can be expected to exhibit some specific features.
In this section, we briefly summarize the main findings of
the theory of the relaxation damping in elastic materials [20,
32] with the focus laid on the high-frequency limit, which is
relevant for the RUS measurement.

Let us consider an isotropic homogeneous material able
to undergo some relaxation process with a characteristic
relaxation time t. The Hooke’s law for shear straining of
such material can be written as

Z—j+%=2Go%+2GR§, (5)
where ¢ is the shear stress, ¢ is the corresponding strain
component, and Gy and Gy are the instantaneous and the
relaxed shear moduli, respectively. Let us further consider a
harmonic, planar shear elastic wave traveling in this mate-
rial at some angular frequency w. In general, both the phase
velocity v,, and the attenuation coefficient « for such a wave
are frequency-dependent. However, in the high-frequency
limit (w > t~1), the frequency dependence disappears, and
the relations for these quantities simplify into

ve =/ Go/p, (6)

where p is the mass density, and

1 Gr
=—\1-—=].
* 2y, ( G0> 9

This means that while the phase velocity is in the high-fre-
quency limit unaffected by the presence of the relaxation
process, the attenuation coefficient in this limit is non-van-
ishing and increases with the difference between Gy and Gg.

In the RUS measurement, analogously, the resonant
frequencies f of the chosen shear modes are independent of
Gr and of 7, while the internal friction coefficient Q‘l is
not. In other words, the shear modulus calculated inversely
from the RUS measurements is always the instantaneous
shear modulus Gy, while the Q‘l value is affected by the
presence of the relaxation. In particular, this coefficient is
related to the attenuation coefficient of the shear waves by

47r1ff (1 - g_,;) ®)

Since « is a constant, the FWHMs for all resonant peaks
corresponding to the shearing modes are constant as well,
since FWHM = Q™ '2xf = aw,,.

0 ' =w,/2nf =

@ Springer

If the relaxation process responsible for the damping is
thermally activated, the rate of activation increases with
increasing temperature, and so the relaxation time decrea-
ses. This decrease is exponential, i.e.,

¢ = tpexp (R_UT> (9)

where U is the activation energy, and R is the molar gas
constant. Then, the temperature evolution of Q’1 can be, in
the high-frequency limit, expressed as'

o b () _Gr v
Q N 47If’E() <1 G()) xp < RT) ' (10)

For the GBS relaxation in particular, the constant 7 is
proportional to the grain size and inversely proportional to
the grain boundary thickness [20], so with the grain
refinement and with thickening of the grain boundaries
(which both are expected due to ECAP processing), the
internal friction Q! is expected to increase.

Finally, if the dominant internal friction mechanism
changes at some temperature from one to another, this
change can be detected as a change in the slope

d(log 0™")/d(1/T) = ~U/R. (11)

The value of the activation energy is given by the micro-
mechanism of the relaxation mechanism, in this particular
case by the GBS mechanism. As shown by Koike et al. [6]
(see also [9]), the GBS in AZ31 can appear in two different
modes. At the room temperature, the dominant mechanism
is the slip-induced GBS, in which the GBS is coupled with
the dislocation slip in basal planes, while at higher tem-
peratures the pure (diffusion-driven) GBS dominates. For
the rolled AZ31 sheet with the average grain size of § pm
studied in [6], the temperature limit above which the pure
GBS mechanism dominates was 150 °C. This limit can be
expected to decrease with decreasing grain size; for nano-
crystalline Mg, the pure GBS mechanism was observed
already at the room temperature [33]. However, there has
not been any systematic study of the relation between the
grain size (or other microstructural parameters), tempera-
ture, and the dominant GBS mechanism conducted for any
magnesium alloy so far, although some qualitative con-
clusions can be drawn based on the internal friction mea-
surements by Watanabe et al. [12] for AZ31 and by Fan
et al. [22, 23] for pure magnesium. The internal friction
value Q! itself cannot directly identify the dominant GBS
mechanism at a given temperature, but the temperature
evolution of Q! enables, as shown in this paper, to detect
reliably the temperature at which the dominant mechanism

' Let us point out that in the high-frequency limit the Q~'(T) does
not exhibit any peak behavior common for low-frequency (< 10 Hz)
measurements, cf. Fan et al.[22, 23].
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Fig. 1 EBSD orientation maps
of the microstructures of the
examined alloys. On the left: the
initial extruded material (OP);
on the right: the material after
four ECAP passes (4P). The
shown cuts are perpendicular to
the extrusion direction

changes from one to another, providing that their activation
energies differ from each other.

Experimental
Examined materials

The examined material was a commercial AZ31 alloy
(nominal composition of Mg—3 %Al-1 %Zn). This mate-
rial, initially in the as-cast condition, was first extruded at
350 °C with an extrusion ratio of 22. Subsequently, it was
processed by ECAP performed at 180 °C (see [34] for
more details) following route B, i.e., rotating the sample
by 90° between the individual passes.

Specimens of materials after one (1P), two (2P), and four
(4P) passes through the ECAP die were prepared. A detailed
information on the properties and microstructural charac-
terization of these materials can be found elsewhere [34—
37], here we bring only a brief summary: the initial extruded
material (OP) exhibited a bimodal grain size distribution,
including simultaneously large grains (diameter 50 pm) and
small grains of few micrometers in diameter. The sub-
sequent passes of ECAP led to homogenization of the
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microstructure and the overall grain refinement. In Fig. 1,
the EBSD images of the microstructures of the as-extruded
(OP) material and the material after four passes of ECAP
(4P) are compared. It is clearly seen that the bimodal
structure is suppressed in the 4P material; also the strong
(1010) texture observed for the large grains of the OP
material is removed by the ECAP passes. In the 1P and 2P
materials, some bimodal structure was still present (not
shown in Fig. 1, see [34] for the EBSD micrographs), but
both the grain size of the small grains and the volume
fraction of the large ones were subsequently reduced. In
order to obtain a single-scalar parameterization of the grain
refinement process, the median grain size for each material
was determined from the EBSD maps. (The median grain
size is such value (d) that the number of grains larger in
diameter than (d) is equal to the number of grains smaller in
diameter than (d).) The resulting values were (d),p = 2.84
pm, (d),p=1.11 pm, (d),p =0.91 pm, and (d),p = 0.72 um.

From these materials, samples in forms of small rectan-
gular parallelepipeds for the RUS measurements were pre-
pared. Four of them (denoted OP, 1P, 2P, and 4P according to
the material) were used for measurements of the internal
friction and shear modulus evolution during heating from RT
up to 300 °C. Four samples of the 4P material were used for

@ Springer
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Table 1 An overview of samples, their dimensions, and the respective temperature ranges for the RUS measurements

Sample Dimensions (mm?>) Measurement temperature range

oP 1.725 x 2.642 x 3.454 RT — 300°C

1P 1.725 x 2.633 x 3.457 RT — 300°C

2P 1.730 x 2.642 x 3.458 RT — 300°C

4p 1.680 x 2.760 x 3.354 RT — 300°C

4P 70 0.575 x 2.798 x 3.639 RT — 170°C; 1 h at 170 °C; 170°C — RT
4P 0.578 x 2911 x 4.007 RT — 220°C; 1 h at 220 °C; 220°C — RT
4Py79 0.582 x 2.533 x 3.741 RT — 270°C; 1 h at 270 °C; 270°C — RT
4P310 0.565 x 2.789 x 3.623 RT — 310°C; 1 h at 310 °C; 310°C — RT
Accuracy +0.005 mm

All samples were cut such that the largest face was perpendicular to the extrusion direction
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Fig. 2 An example of the frequency evolution of the internal friction
(the 4P sample at 125 °C). The shaded area on the left denotes the
dominant modes taken for the calculation of average internal friction,
and the shaded area on the right denotes the outlying modes with
higher damping (lower Q) than expected from the linear trend. The
dashed line outlines the least squares fit by such a linear dependence
that Q = 0 for f = 0, as required by the relation (8)

measurements with thermal cycling, in order to explore the
reversibility of the observed phenomena. These samples are
denoted 4P;7¢, 4P220, 4P270,4P310 accordingly to the maxi-
mal temperature of the respective thermal cycles. The
overview of the dimensions of these samples and the tem-
perature ranges in which the samples were measured is given
in Table 1. The heating and cooling rates for all samples were
always quite small (1 K/min) to ensure a good temperature
stability for each measurement point and to avoid the influ-
ence of possible dynamic effects.

RUS measurements
Prior to the temperature-resolved measurements, the RUS

method was used to determine the elastic constants of the
examined materials. As shown for polycrystalline copper

@ Springer

by Seiner et al. [38], the ECAP can induce a measurable
elastic anisotropy that changes with the individual ECAP
passes. In order to inspect whether any similar effect can be
observed also for the AZ31 alloy, the OP, 1P, 2P, and 4P
samples were analyzed using the same experimental pro-
cedure as for copper in [38]. For these measurements, a
fully contactless RUS set-up described in details in [27]
was used. For each sample, more than 50 resonant fre-
quencies in the frequency range 0.3-2.5 MHz were
obtained; these data were complemented by pulse-echo
measurements of longitudinal ultrasonic waves in the
directions perpendicular to the sample faces. The elastic
constants of each material were then determined inversely,
using the procedure described in [27].

Then, the evolutions of resonant spectra of all samples
with temperature were measured in the temperature ranges
given in Table 1. These measurements were also done by a
contactless RUS method, with sample placed in a dedicated
high-temperature RUS chamber including a heating mod-
ule able to set the sample temperature up to 650 °C. The
vibrations were generated by a Litron Nano S pulse laser
(1064 nm, pulse duration 6 ns) and detected by a Polytec
OFV 505 laser vibrometer. From the resonant spectrum
recorded at each temperature, the resonant frequencies and
the FWHM/f ratios for few (3-5) chosen dominant peaks
were determined. It was carefully checked that the resonant
peaks analyzed in this way for all temperature points for
one sample corresponded always to the same set of reso-
nant modes. The chosen peaks belonged in all cases to the
lowest part of the spectrum, which means that the corre-
sponding vibrational modes were mainly shearing modes,
and thus, the evolutions of these peaks with temperature
represent mainly the evolution of the shear modulus and
shear internal friction, as discussed in the previous section.
The FWHM/f ratios for these dominant peaks at a given
temperature always slightly (<410 %) differed from each
other both due to the experimental inaccuracy and due to
the expected frequency dependence of the internal friction
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(8). However, these differences were incomparably smaller
than the increase of Q~' due to heating, so the average
value of Q~'s for the chosen modes (always lying in the
frequency range 300-800 kHz) was understood as a rep-
resentative internal friction parameter for the given sample
at the given temperature.

For each sample, it was also checked that the internal
friction parameters obtained for the attenuated spectra at
the elevated temperatures follow the frequency dependence
typical for relaxation damping in the high-frequency limit
(8), i.e., that Q = f /FWHM is linearly proportional to f. An
example of such frequency dependence is shown in Fig. 2.
For all samples, the quality factors Q of all detectable
modes followed the linear trends similar to the one shown
in Fig. 2, except for few (2-3) outliers, which were always
the peaks of the lowest amplitudes (i.e., these modes were
not sufficiently excitable by the laser pulses), for which the
determination of Q was strongly affected by small signal-
to-noise ratios. Hence, the relaxation-like character of the
internal friction was confirmed.

Results and discussion
Room temperature elastic constants

The room temperature elastic constants of the 0P, 1P, 2P,
and 4P materials exhibited all only very small deviations
from perfect elastic isotropy. Unlike for the polycrystalline
copper studied by the same approach by Seiner et al. [38],
the ECAP did not induce any measurable changes of the
elastic anisotropy with the individual passes. The reason
for this difference is most probably the weak elastic
anisotropy of the hcp magnesium lattice compared with
relatively strong elastic anisotropy of the cubic lattice of
copper. As a consequence of this weak anisotropy, the
changes of texture and microstructure due to ECAP for the
case of AZ31 are not anyhow reflected by the macroscopic
elastic properties of the polycrystalline aggregate. The
resulting room temperature elastic constants for the
examined materials are listed in Table 2 along with the

Table 2 Room temperature elastic constants of the examined mate-
rials: Young’s modulus E, Shear modulus G, and internal friction
parameter Q!

Sample E (GPa) G (GPa) 07! (1073
opP 44.64 £+ 0.10 17.22 £+ 0.06 0.05 £+ 0.04
1P 44.36 £+ 0.38 16.98 + 0.27 0.04 £+ 0.04
2P 44.30 4+ 0.30 17.10 £ 0.24 0.08 £+ 0.04
4P 4411 £0.23 17.18 £+ 0.29 0.15 £ 0.04

G [GPa]

50 100 150 200 250 300
T[°C]

Fig. 3 The evolution of the shear moduli of the OP—4P materials upon
heating

internal friction coefficients determined from the lowest
resonant peaks for each sample. It is seen that the values of
O are very low, of the order 1075, ie., comparable to the
experimental accuracy. The highest value is obtained for
the 4P sample, which agrees well with the assumption that
the grain refinement enhances the GBS-induced internal
friction. Nevertheless, compared with the increase of the
Q7! s for the examined materials upon heating reported in
the next paragraph, the differences between the individual
materials at the room temperature are rather negligible.
There is also a weak systematic decrease of the Young’s
modulus by the individual passes of ECAP seen in Table 2,
which is in agreement with the observations of elastic
softening of other ECAPed materials reported in literature
(e.g., [39]).

Temperature dependences

The evolutions of the shear moduli G and of the internal
friction parameters Q~' with heating up to 300 °C are
shown in Figs. 3 and 4, respectively. The shear moduli
were calculated from the detectable resonant frequencies
for each temperature using the inverse procedure described
in [27], taking into account the changes of the dimensions
of the samples with temperature due to thermal expansion
(the linear expansion coefficient of pure magnesium o =
24.8 x 107 K~! was used). For all materials, the shear
moduli exhibit smooth softening, linear up to approxi-
mately 200 °C and then deviating from the linear trend
slightly downwards. The differences between the behaviors
of the individual samples are minimal, fully within the
range of the experimental errors.
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1P
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20

Q107

50 100 150 200 250 300

Fig. 4 The evolution of the internal friction parameters Q! of the
OP—4P materials upon heating; the zoomed area shows the temper-
ature region in which the increase of Q™! starts

A completely different picture is obtained for the
internal friction parameters. As seen in Fig. 4, the 0!
parameters increase at elevated temperatures by more than
two orders of magnitude. The zoomed area in Fig. 4 shows
that the onset temperature of the internal friction increase is
indeed dependent on the grain refinement: for 4P the
increase starts at significantly lower temperature than for
OP. The 1P and 2P samples follow the same trend
according to the number of ECAP passes. The fact that
these strong increases of the internal friction for all mate-
rials are not reflected by any changes of the shear moduli
(see Fig. 3) confirms the assumption that the observed
behavior can be well described by the high-frequency limit
of a relaxation damping model.

The logarithmic plots of Q~! with respect to 1/7 shown
in Fig. 5 reveal that the temperature evolution of the
internal friction can be well described by the relation (10),
with the slope (11) changing from one constant value to
another. (For clarity, only the OP and 4P samples are shown
in Fig. 5; the 1P and 2P samples behave similarly.) The
temperatures corresponding to the maximal change of the
slope T* (i.e., the temperatures at which the dominant
internal friction mechanisms are changing) are listed in
Table 3. The corresponding activation energy U for the
high-temperature part of the Q! curve calculated from the
relation (11) is also shown in Table 3; for the low-tem-
perature part, the activation energy was approximately the
same for all materials (~ 10 kJ/mol), not exhibiting any
systematic evolution with the grain refinement. As seen in
Table 3, the temperatures of the change of the slope T*
decrease significantly with the number of ECAP passes,
and so does the activation energy U.

@ Springer

Table 3 Threshold temperatures 7 for the change of the slope (11)
for the OP—4P materials, and the activation energies corresponding to
the internal friction increases above T*

Sample T* (°C) U (kJ/mol)
oP 127 58
1P 111 52
2P 102 47
4P 96 38
Accuracy +5 +5

Q" [dimensionless]

2 2.2 24 2.6 2.8 3 3.2
1T[1073 K™

Fig. 5 The change of the slope of the log Q~'(1/T) curve determin-
ing the threshold temperature 7* shown for the OP and 4P materials.
The slope of the curve above T* (i.e., below 1/T*) determines the
activation energy U, see the text for more details

There are several indicators that the observed behavior
of Q! is indeed induced by GBS. Most importantly, as
shown by the recent positron annihilation measurements
[35], the dislocation density in the 4P material is lower than
for 2P, so the internal friction resulting from the dislocation
activity would not exhibit the systematic behavior seen in
Table 3. Moreover, as also known from the positron
annihilation measurements [36], the density of the dislo-
cations significantly decreases with heating above 100 °C,
while the observed internal friction is rapidly increasing in
this temperature range. The recrystallization of the struc-
ture can be also disregarded as the source of the internal
friction, since the increase of Q! appears at about 100 °C
below the ECAP temperature. Moreover, the behavior of
Q7! in the vicinity of the temperatures T* is reversible, as
it will be shown for the 4P material in the next subsection,
i.e., the observed internal friction increase cannot be a
result of any irreversible process, such as the recrystalli-
zation or the recovery.
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Fig. 6 The dependence of the threshold temperature 7* and the
activation energy for diffusive GBS on the grain size. The error bars
denote the intervals between the lowest (25 %) and the highest (75 %)
quartiles for the grain size distribution. The dashed lines are just
guides for eye obtained by fitting the RUS results (OP—4P) by a
logarithmic curve

Quantitatively, the obtained values of the threshold
temperature 7 and of the activation energy U are very
close to the threshold temperature 150 °C and activation
energy U = 80 kJ/mol determined by Koike et al. [6] for a
rolled sheet with an average grain size of 8 um. In Fig. 6,
the values of T* and U obtained from RUS measurements
are plotted with respect to the median grain size for the
extruded and ECAPed materials and compared to the
results of [6]. It is seen that the literature data follow the
same trend as those obtained by our measurements, which
can be understood as an additional confirmation that the
observed internal friction is a result of GBS and that the
high-temperature part of the Q~!(7’) curve corresponds to
the diffusion-driven GBS mechanism. The increase of the
activation energy U with the grain size is also in a

qualitative agreement with the results of Fan et al. [22, 23];
the values of U for pure magnesium reported in [22, 23]
are, however, about two times higher than our results and
results of Koike et al. [6] for AZ31.

Nevertheless, for the discussion of the quantitative
dependence of the activation energy of this GBS mecha-
nism on the grain size, it must be taken into account that
the median grain size, used as a parameter of grain
refinement in Fig. 6, is not describing fully the evolution of
the microstructure with the repetitions of the ECAP.
Especially the initial extruded OP microstructure (and
partially also the 1P material) exhibits a strongly bimodal
structure, as described in “Examined materials” section,
with large variation of the grain size. It is plausible that in
such a bimodal structure, the GBS internal friction is
dominantly given by mutual slidings of the smallest grains,
which has lower activation energy and is activated at lower
temperatures. As a result, the activation energy U deter-
mined for the OP material corresponds rather to the smaller
grain size than the median value for this material, and, as
seen in Fig. 6, appears to be smaller than expected from the
trend of the 1P, 2P, and 4P materials. Another consequence
of the bimodal structure is seen also in Fig. 5: while for the
4P material the change of the slope is more or less abrupt,
for the OP material it spans over a wide temperature region,
corresponding to approximately 30 °C. This can be
explained by the fact that the GBS in the OP material is
activated first for the smallest grains at temperatures close
to the threshold temperature for the 4P material. Then,
upon further heating, the internal friction is subsequently
increased by contributions from larger and larger grains.
For the 4P material, on contrary, the variation of the grain
size is small, so all grains start to contribute to the internal
friction with approximately the same activation energy and
at approximately the same temperature.

Reversibility and the effect of annealing

In order to determine which of the changes of the internal
friction coefficient upon heating are corresponding to
irreversible processes, a set of thermal cycles was applied
on four different samples of the 4P material (see Table 1).
At the highest temperature for each cycle, the sample was
always annealed for 1 h with the aim to detect the possible
time-scale effects. The resulting Q~!(T) curves are shown
in Fig. 7.

It is seen that for a cycle with the maximum temperature
of 170 °C, the behavior of the internal friction is reversible;
the differences between the heating and cooling curves are
below the level of the experimental error. Also the evolu-
tion of Q~! due to 1 h annealing at 170 °C is negligible,
which proves that the microstructure responsible for the
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Fig. 7 The evolution of the internal friction parameter of the 4P
material (samples 4P 70, 4P, 4P270 , and 4P3)0) with thermal cycles.
Each subplot shows one thermal cycle for one sample with the given

internal friction is fully stable in this temperature range. In
a sharp contrast, annealing at 220 °C induces a measurable
decrease of the internal friction, and the Q~'(T) curve for
the 4P,y exhibits a broad hysteresis loop. It is obvious that
at this temperature the material undergoes irreversible
changes. The hysteresis loop closes at approximately 250
°C, and so the annealing for 1 h at temperatures 270 and
310 °C (samples 4P,7¢ and 4Ps0, respectively) does not
lead to any time-dependent changes of the internal friction.
Above 250 °C, the behavior of the material is, again, non-
hysteretic. As the temperature range 200-250 °C corre-
sponds well to the range of recrystallization of the ECAPed
structure determined from postmortem analyses of the
samples [36], we can conclude that the observed hysteresis
is due to recrystallization.

From the cooling curves for the 4P,79 and 4P3;9 sam-
ples, the threshold temperatures for the activation of the
diffusion-driven GBS and the corresponding activation
energy of the recrystallized material were determined,
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Fig. 8 The relation between the threshold temperature 7* and the
activation energy for the diffusive GBS. The gray area outlines the
possible linear trend
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using the same approach as for the 0P—4P materials in the
previous section. The results were U = (66 £ 5) kJ/mol
and T* = (142 £ 5) °C for 4Py, and U = (67 £ 5) kJ/mol
and T* = (142 £ 5) °C for 4Ps;9. In other words, the grain
growth due to recrystallization resulted in an increase of
both the activation energy and the threshold temperature
for GBS, fully in agreement with the trend outlined in Fig.
6. In the case of the sample 4P,y, the respective values
were U = (55 + 3) kJ/mol and T* = (123 £ 13) °C, which
corresponds to a partially recrystallized structure.

It is again questionable to compare the U and 7" values
obtained for the recrystallized samples with those deter-
mined during the heating runs for the OP and 1P materials,
since the recrystallized materials do not exhibit such strong
bimodal distribution of the grain size. However, there
appears to be a well-defined relation between the threshold
temperature for the diffusive GBS and its activation
energy. As seen in Fig. 8, the relation is approximately
linear and describes well the behavior of all materials
discussed in this paper (0P, 1P, 2P, 4P, 4P partially re-
crystallized and 4P fully recrystallized) as well as the lit-
erature data. According to this relation, the region of
diffusive GBS could be extended toward the vicinity of the
room temperature by further decrease of the activation
energy.

Conclusions

The results of the internal friction measurements reported
in this paper clarify the relations between the temperature,
grain size, and the activity of GBS in the AZ31 magnesium
alloy. With the gradual grain refinement induced by sub-
sequent repetitions of the ECAP procedure, the threshold
temperature 7% above which the diffusive GBS becomes a
dominant internal friction mechanism systematically
decreases. For the 4P material with the median grain size of
(d)4p = 0.72 um, the diffusive GBS is obviously active at
temperatures lower than 100 °C, i.e., about 100 °C below
the recrystallization temperature for this material. Hence,
the grain refinement opens a relatively broad temperature
interval in which the superplastic flow can be potentially
enabled by the GBS mechanism without any coarsening of
the structure or any other irreversible changes to the
material. This temperature interval can be important with
respect to possible applications of AZ31 for superplastic
forming.

Simultaneously with the decrease of the temperature 7,
also a significant decrease of the activation energy for this
internal friction mechanism was observed, which indicates
that the intergranular diffusion is easier in the finely
grained material. A direct relation between the threshold

temperature and the activation energy for GBS was found,
which is followed by all materials studied in this paper
(both the as-ECAPed and recrystallized, as seen in Fig. 8)
as well as by the literature data.
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High mobility of twin boundary is crucial for magnetic shape memory effect. The twin boundary can be
moved by applied magnetic field or mechanical stress. In Ni-Mn—Ga 10M martensite there are two different, field
movable, a—c twin boundaries type I and IT due to monoclinic lattice. For single twin boundary of both types we
experimentally evaluated the equivalence of magnetic and mechanical force and the validity of generally used energy
model using direct stress—strain and magnetization measurements. For type II, highly mobile twin boundary, the
equivalence seems to be valid and model broadly agrees with measurement. However, for type I the calculated
magnetic stress is much larger than mechanical stress needed for twin boundary motion.
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1. Introduction

Magnetic shape memory (MSM) effect is a general
name for a plethora of the multiferroic effects based on
interplay between ferromagnetic order and ferroelastic-
ity [1]. One of the MSM effects is magnetically induced
structure reorientation (MIR) that leads to giant defor-
mation (5-12%) in single phase, low-symmetry marten-
site [2, 3]. Observed giant strain, in contrast to usual
magnetostriction, is a result of structure reorientation
by growing favourably oriented ferroelastic domain (also
called variant) at the expense of other differently oriented
domains. These adjacent domains are connected by twin
boundary, which is moving easily and thus can be ma-
nipulated also by magnetic field [4].

The major representatives of MSM materials are com-
pounds close to stoichiometric Ni;MnGa. These alloys
are also the most investigated [1, 5, 6] as they are the
most promising for applications [7-9]. In Ni-Mn-Ga
alloy, parental high-temperature cubic phase transforms
to various martensites [1, 10]. For composition close to
stoichiometry the martensite has 10M modulated struc-
ture which can be approximated by monoclinic lattice.
The monoclinic structure implies the existence of type I
and type II twin boundary [11, 12] that strongly differ
by their twinning stress or mobility [13, 14].

Energetic barrier which hinders boundary movement
is called twinning stress (orw). The stress needed to
move twin boundary can be induced mechanically or by
magnetic field. In the simplest case the relation be-
tween magnetic and twinning stress is described by the
Likhachev and Ullakko model [15]. More complex models

*corresponding author; e-mail: kopeckyv@fzu.cz

were suggested, however, the simple equivalence of me-
chanical and magnetic force is usually retained [16, 17].
In short the model assumes that the twin boundary starts
moving when the magnetic energy exceeds the mechani-
cal barrier, which is described by relation

AE g > oTW - €0 (1)
where AFEy,,, is difference of magnetic energies of dif-
ferently oriented variants in magnetic field, strain ¢y =
1—c/a is given by tetragonal lattice distortion for a ~ b.
Additionally, the model states that the magnetic energy
is limited by magnitude of the magnetic anisotropy, K,
regardless the strength of applied magnetic field [4, 15].
This model can be used to predict existence of MIR and
movement of twin boundaries in magnetic field [18, 19].

The model is just phenomenological approximation
with no respect to atomic mechanism of twin boundary
movement and it was shown to be broadly valid for MIR.
However, the movement of individual twin boundaries
has never been resolved and the model has never been
tested and justified for single twin boundary. Moreover,
two types of mobile twin boundaries have not been rec-
ognized until recently [13, 14, 20, 21]. To test the valid-
ity of the model we directly compare magnetic twinning
stress (0mag = APFmag/€0) and mechanical stress equal
to twinning stress (orw) induced by compressive load-
ing for single twin boundary of both types.

2. Methods

We used single crystal samples with composition close
to stoichiometry NisMnGa produced by Adaptamat Ltd.
Samples were rectangular shape with sizes about 20 x 2 x
1 mm? cut approximately along {100} planes of the par-
ent phase. Composition of used samples is in the Table.
The transformation temperature from austenite to five
layered martensite (10M sometimes also 5M) varied from
310 to 340 K as it strongly depends on composition. All
experiments were done at room temperature, far enough

(754)
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from transition, i.e. in the region in which the marten-
sitic phase is stable. The lattice parameters only slightly
depend on composition and as example for one composi-
tion the lattice parameters in the monoclinic approxima-
tion are a = 0.5975 nm, b = 0.5944 nm, ¢ = 0.5591 nm,
a = =90° v =90.36° at room temperature.

TABLE

Comparison of magnetic and mechanical stress. Switch-
ing field (poHsw) is magnitude of magnetic field when
twin boundary starts to move. omag is calculated mag-
netic stress using the model and omecnh is mechanical
stress given from stress—strain curve. The stress is de-
termined with error less than 10%. Composition er-
ror is 0.5 at.%. R is a ratio of stress calculated as
R = Umag/amech-

sample type|poHsw | Omag | Omech R
Ni/Mn/Ga [T] |[MPa]|[MPa]

1 I 0.256 | 1.572 | 0.865 1.82
49.8/29.0/21.2| II | 0.020 |0.090 | 0.086 1.05
2 I - - - -
49.8/29.0/21.2| II | 0.042 | 0.268 | 0.311 0.86
3 I - - - -
49.8/29.4/20.8| II | 0.027 |0.163 | 0.111 1.47
4 I 0.354 | 1.728 | 1.110 1.56
50/28.5/21.5 | II | 0.047 |0.256 | 0.241 1.06

Micrographs were taken by optical microscope Zeiss
using Nomarski contrast (DIC) which visualizes differ-
ent tilt of surface planes by different false colors. In our
case the tilt originates from various twinning. The angle
between two variants connected with a—c twin boundary
is given approximately by o = 90 — 2arctan(c/a). The
angle « is usually about 3° which makes twin boundary
recognisable from the side of sample where c-axis is out of
plane for one of the variants and in-plane for second vari-
ant. Different trace orientation of the boundary on the
surface helps further to distinguish between type I and
IT twin boundaries (Fig. 1). To compress the samples

e

Fig. 1. Optical micrograph of twinning boundary type
I (a) and type II (b) taken by optical microscope Zeiss
using the Nomarski contrast (DIC). Different colours
indicate different tilt of surface. Orientation of c-axis
is marked in the figure. When stress or magnetic field
along c-axis in plane is applied twin boundary moves as
red arrows show. The boundaries are on the same sam-
ple and about same place as fiducial marks (scratches,
voids) demonstrate.

— -
—
o) =—0
Fig. 2. Mechanical compressive stress inducing the

growth of favourable variant (red) at the expense of
the other one with c-axis perpendicular to stress by
twin boundary motion (yellow arrows) resulting in large
strain. The upper arrow points to the place where op-
tical observation of twin boundary (Fig. 1) was made.

we used small custom-made stress-strain machine with
step motor and linear transmission that produce contin-
uous movement with constant rate. The sample was put
between two parallel flat heads without further fixing to
accommodate the large deformation due to twin bound-
ary motion (Fig. 2). The force was measured by sensor
which can be loaded up to 10 N. The deformation strain
was calculated from linear shift of the motor and initial
sample’s dimensions.

The magnetic force or magnetic energy was determined
from the magnetization curves. These were measured by
vibrating sample magnetometer (VSM) PAR with elec-
tromagnet up to 1.4 T. From the magnetization curve
of material exhibiting MIR, the field, needed to move
twin boundary called switching field, can be determined.
The move of twin boundary is indicated by the sharp in-
crease of magnetization [4, 22]. From this switching field
the magnetic energy, AE,,,s, was determined as area be-
tween magnetization curves of both variants, i.e variants
with easy axis along and perpendicular to the field [4].
We neglect the effect of demagnetization as the sample
was long and thus the correction is small.

Whole experiment run in several steps. We formed
mechanically single twin boundary type I or type II. Us-
ing tensile stress we placed the boundary approximately
3 mm from the edge of the sample. Then we did com-
pression stress—strain test. To get the boundary back
to the starting position we stretched the sample again.
After repeating the procedure few times the last com-
pression run was interrupted. Without increasing forced
deformation from the device the twin boundary stopped
moving and stayed at the position. We removed the sam-
ple from the device and without delay installed into VSM
and measured magnetization curve. As the twin bound-
ary was not constrained, the boundary should start to
move in the field which corresponds to the last value of
compressive stress. After that we formed again the sin-
gle twin boundary but of different type and repeated the
measurement cycle.

3. Results and discussion

Figure 1 shows the optical micrographs of the trace of
twin boundary type I and II on (100) surface. Impor-
tantly both boundaries were formed in the same sample
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and moved to approximately same position. Both twin
boundaries are macrotwin boundary between twins with
internal twinned structure [12-14]. The type I is straight
as it runs along (101) plane but it contains a/b twinning
which, though, cannot be resolved in optical microscopy.
In contrast, type I boundary is inclined from (101) plane
by about four degrees and in addition to a/b twinning it
contains also monoclinic twinning. The monoclinic twin-
ning can be readily identified in the variant with c-axis
in plane as it forms surface relief, which is equal to twice
monoclinic distortion. This twinning changes the orien-
tation of the macrotwin boundary resulting in zigzag line
of the boundary as shown in Fig. 1. In addition to much
lower twinning stress, this zigzag pattern can serve as
easy identification of type II twin boundary [13, 14, 23].

Figure 3 shows the typical compression test for both
boundaries. Both boundaries went in the same direc-
tion through the approximately same part of the sam-
ple, but it was impossible to locate the initial position
of the boundary on the exactly same place. Although
the boundaries moved across the same sample the stress
needed to move the boundary sharply differed and the
character of the dependency varied. It is about ten times
easier to move type II twin boundary than type I and
the mechanical stress is in the range of tenths of MPa.
Peaks in the plateau, particularly for twin boundary type
I, seems to be connected to surface scratches. The ob-
served fluctuations can be also caused by some internal
inhomogeneities. For type II the connections seem to be
somehow weaker as the stress—strain curve is mostly flat.

We tried to study movement of both twin boundaries
by compression in each sample. Nevertheless, sometimes
it was not possible to measure the stress—strain curve
of twin boundary type I as the energy needed to move
this boundary was larger than energy for nucleation twin
boundary type II.

Several cycles of loading were done and all measured
curves were roughly similar. The curves were not ex-
actly identical as the movement of twin boundary is a
stochastic process. Such behaviour was observed previ-
ously [13]. This added some uncertainty to the deter-
mination of the twinning stress and to comparison with
magnetic force. After several cycles the loading was inter-
rupted in some point and the magnetization curve with
the same twin boundary was measured. The interrup-
tion points are marked in Fig. 3. From magnetization
curves the switching field, i.e. field needed to move twin
boundary, was determined. The magnetic energy AE,,,,
was calculated and then we obtained equivalent magnetic
stress according to Eq. (1). The results from magnetic
measurement are collected and compared with mechan-
ical stress—strain testing in the Table. To facilitate the
comparison, the ratio of magnetic and mechanic stress is
also listed (R = 0mag/0mech)-

The Table shows reasonable agreement for type II as
the difference is mostly within experimental error. How-
ever, for type I the difference is consistently large. The
magnetic force exceeds the mechanical one almost up to
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Fig. 3. Stress—strain curves of the same sample utiliz-

ing single type I and type II twin boundary movement.
Evolution of compressive load affecting the sample with
single twin boundary (alloy 1). Several cycles were done
for each type of boundary and all of them were roughly
similar. Here it is shown one of each as an example. The
last cycle was interrupted for magnetic measurement at
marked place (blue circle).

factor of two. It suggests that used model is invalid for
type I but for disproving widely accepted model much
more experiments would be needed. Additionally, the
model seems to be valid for type II twin boundary. We
can speculate that the model is valid and observed lower
mechanical stress compared to magnetic one is due to ex-
istence shear stress originated from firm fixture of sam-
ple during the test. The forces involved are quite small
and thus any additional non-axial loading might affect
the measurement (see Fig. 2). In magnetic field there
is no such additional force as the field is homogeneous
and purely uniaxial. Moreover, the effect of magnetic
domains configuration [24] and its interaction with twin-
ning boundary is neglected.

Here, we can only conclude that the observed differ-
ence is quite puzzling. For solving this puzzle more ex-
periments are needed which may lead to reformulation
of the model. It is not helpful that the mechanism of
the twin boundary motion, neither in magnetic field, nor
under mechanical stress is known to great detail.

4. Conclusion

We studied the movement of single type I and IT twin
boundary resulting in structure reorientation in Ni-Mn—
Ga magnetic shape memory alloy. We were able to
form both boundaries in the same samples and compared
their individual behaviour. To evaluate the validity of
generally used model, measured mechanical and mag-
netic forces needed for moving the single boundary were
compared. Calculated magnetic and mechanical stress
generally agreed for type II, but we registered large error
for type I. This somehow puzzling observation leads to
some doubt about validity of the model but more detailed
measurement is needed.
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Resonant ultrasound spectroscopy (RUS) is applied to detect the ductile-to-brittle and brittle-to-ductile
transitions in an AA6262 free-cutting aluminum alloy during thermal cycling. It is shown that the RUS
method is sensitive enough to detect reliably the melting and solidification temperatures of micro-sized
MgsBi,—-Bi eutectic particles responsible for these transitions, although the volume fraction of the
particles is very small (~1%) and is even decreasing with the cycling. The proposed RUS approach is
compared with differential scanning calorimetry (DSC); the latter method is shown to be unable to
detect the transition temperatures especially when transition intervals are broad. The results reveal that
the phase transitions of the eutectic particles exhibit a significant hysteresis and pronounced asymmetry
between melting and solidification.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Phase transitions of micro- and nano-sized particles embedded
in solid matrices exhibit several differences compared with the
transitions of the same materials in bulk [1-3]. For example, the
extensive acoustic and nuclear magnetic resonance studies of
melting and freezing of various materials in porous glasses [4-9]
showed that the transition temperatures of such particles are
shifted downwards, and there is always also an observable
hysteresis between melting and solidification of the particles.
There are, on the other hand, only very few works concerned so
far with solid-to-liquid phase transitions of metal particles in
metal matrices. Recently, Kuba and Van Aken [10,11] observed
melting of indium particles in an aluminum matrix by means of
acoustic emission, showing that the transition is accompanied by
plastic deformation of the matrix. Earlier, when studying a similar
system, Malhotra and Van Aken [12] reported an internal friction
peak associated with the melting of the indium particles. In both
cases, the shifts of transition temperatures were observed, both
upwards and downwards respective to the equilibrium transition
temperature of bulk indium, depending on the microstructure and
on the thermal history of the material. On the other hand, for
nano-sized Pb-Sn particles embedded in an aluminum metallic
glass [13], only the shifts downwards were observed.

* Corresponding author.
E-mail address: hseiner@it.cas.cz (H. Seiner).

http://dx.doi.org/10.1016/j.ndteint.2014.09.007
0963-8695/© 2014 Elsevier Ltd. All rights reserved.

Among the metal-matrix/metal-particles systems, the AA6262
free-cutting aluminum alloy [14,15] is of apparent interest from
the application point of view. This alloy has nominally similar
composition as the AA6082 (or AA6061) Al-Mg-Si alloy, but its
machinability is enhanced by additions of small amounts of Pb and
Bi that form micro-sized particles dispersed in the aluminum
matrix. These particles have a rather complex, multi-component
structure [16], including also some amount of the MgsBi,-Bi
eutectic. At the melting temperature of this eutectic, the particles
partially melt and the alloy undergoes a ductile-to-brittle transi-
tion (DBT) due to liquid metal embrittlement. This is advantageous
for machining, since the local melting of the MgsBi,-Bi eutectic
close to the cutting tool decreases the strength of the material and
results in formation of short and breakable chips. Thus, the
knowledge of the DBT temperature is essential for designing the
machining process; of similar importance is also the knowledge of
the possible evolution of this transition temperature during
thermal cycling (i.e. repeated melting and solidification of the
eutectic due to temperature oscillations), since it reflects the
changes of the properties of the material during machining.

Let us point out that the DBTs in AA6262 and similar alloys (cf.
[17,18]) are of a completely different nature than in conventional
structural materials such as low-carbon steels, where the embrit-
tlement occurs due to reduction of dislocation slip, and where,
thus, the possibilities of ultrasonic non-destructive detection of
the DBT temperatures are limited [19-21]. In the case of AA6262,
the DBT temperature can be detected indirectly from detecting the
melting and freezing points of the embedded particles, for
example by differential scanning calorimetry (DSC). However,
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due to the small volume fraction of the Pb+Bi particles (~1%), and
even smaller volume fraction of the eutectic, the corresponding
exo- and endothermic DSC peaks may be small, comparable to the
noise level of the DSC apparatus and incomparably smaller than
the peaks from various processes in the matrix. A suitable alter-
native to the DSC measurements in such case can be the detection
of the phase transitions from small changes of the elastic moduli
of the alloy. These changes can be detected either from pulse-echo
measurements of velocities of acoustic waves in the material [3,5],
or by resonant ultrasound spectroscopy (RUS, [22-24]), which is a
method based on measurements of free elastic vibrations of a
given sample of the examined material. This method has been
shown as a very sensitive tool for non-destructive detection of
several phenomena in materials, for example micro-cracking
[25,26], internal stresses [27] or delamination [28], and is also
sensitive to structural phase transitions in small volume fractions
of materials, e.g. in thin surface layers deposited on non-
transforming substrates [29,30]. As observed recently by the
current authors and reported briefly in [31], the RUS method is
able to detect the melting of the eutectic particles in the free-
cutting aluminum alloys AA6262 and AA6023 (which has a very
similar composition to AA6262 but with lead partially replaced by
tin) during a single heating cycle.

In this paper, we show that the RUS method can be applied for
a systematic study of the DBT and reverse (BDT) temperatures in
the AA6262 alloy and discuss the evolution of these temperatures
due to thermal cycling. In summary, the main aim of this paper is
to show that this method is able to provide a detailed information
on the DBT and BDT processes in the examined alloy, and to
contribute, thus, to the understanding of the response the material
to the conditions it is subjected to during machining.

2. Experiment
2.1. Material and samples

The examined material was a commercial AA6262 alloy (Con-
stellium Extrustions, D&in, Czech Republic) fabricated in a form of
extruded rods (18.8 mm in diameter). The material was set into the
T8 temper (the rods were cold worked into diameter 18.1 mm
(reduction 7.3%), artificial aging was performed at 160 °C for 10 h.)
The resulting microstructure of the alloy is in Fig. 1: it consists of
fibrous grains elongated along the extrusion direction. The particles
containing Pb and Bi are dispersed in the matrix and are, as well,
elongated along the extrusion direction. The nominal composition
(wt%) of the examined alloy was Al-0.97Mg-0.71Si-0.64Pb-
0.60Bi-0.12Mn-0.45Fe. The presence of the DBT in this alloy was
determined by Charpy tests (see [16]); the transition temperature
was indicated by a sharp drop of the fracture toughness at
approximately 250 °C. This temperature corresponds well to the
equilibrium melting temperature of bulk MgsBi,-Bi eutectic, which
is T=260 °C [32], especially when taking into account the possible
shift of the transition temperatures downwards due to the small
size of the particles. To obtain some estimates of the evolution of
the transition temperatures with thermal cycling prior to the RUS
measurements, the AA6262 alloy was studied by DSC, using a
DSC8500 (Perkin-Elmer) apparatus (temperature calibrated by tin,
indium and lead; heat flow calibrated by melting heat of pure
indium; the measurements were performed under a 20 ml/min
flow of pure nitrogen). These measurements were performed on a
small (~40 mg) sample of this alloy during five subsequent thermal
cycles from the room temperature up to 400 °C, at the heating/
cooling rates of 10 °C/min. The DSC results (see Section 3.1) were
then used as a complement to the RUS measurements and for a
comparison of both methods. For the RUS measurement itself, a
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Fig. 1. Microstructure of the studied AA6262 alloy: (a) the fibrous grain structure
highlighted by anodizing with Barker's reagent (b) a detail of particles containing
lead and bismuth.

2.61 x 3.21 x 294 mm> (accuracy + 0.01 mm) rectangular paralle-
lepiped was prepared with the edges oriented along the processing
directions.

In order to enable a comparison of the behavior of the
examined AA6262 alloy to some reference material, an additional
RUS sample was prepared from a commercial AA6082 alloy
(Constellium Extrusions, D&¢in, Czech Republic) subjected to the
same thermal and mechanical treatment. The AA6082 has nomin-
ally very similar composition to AA6262 (Al-0.79Mg-1.08Si-
0.44Mn-0.37Fe (wt.%)), but without the Pb and Bi additions, so
the difference between the AA6262 and AAG6082 RUS spectra
evolution can be ascribed solely to the DBT and BDT transitions.
The AAG6082 sample was a 0.75x 2.61 x2.79 mm> (accuracy
+ 0.01 mm) rectangular parallelepiped.

2.2. RUS measurements

Prior to the thermal cycling, the room temperature (RT) elastic
constants of the above described AA6262 and AA6082 samples
were determined by a combination of RUS measurements and
conventional pulse-echo technique. The contact-less laser based
RUS method was used; this modification of RUS employs a
broadband laser pulse for thermoacoustic excitation of the vibra-
tions and a scanning laser vibrometer for detection of the response
of the sample and for determination of the individual modal
shapes (see [33] for more details on the applied methodology
and on the instrumentation). The aim of this preliminary mea-
surement was to investigate whether the fibrous structure induces
any measurable elastic anisotropy to the material. Such anisotropy
could, consequently, affect the interpretation of the RUS spectra at
higher temperatures.
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Table 1
Temperature ranges of the thermal cycles applied to the AA6262 and AA6082
samples; RT denotes the room temperature.

Sample Cycle no. Temperatures

AAG262 RT—290 °C—RT
RT—350 “C—>RT
RT—290 “C—-RT
RT—-350 °C—»RT
RT—290 °C—RT
RT—290 “C—RT
RT—350 “C—RT

AA6082

N = U1 A WN =

After the RT measurements, the samples were subjected to
thermal cycling. These measurements were performed in a high-
temperature RUS chamber filled with low-pressure nitrogen atmo-
sphere and including a Joule heating module able to set the
sample temperature up to 650 °C. The vibrations were generated
by a Litron Nano S pulse laser (1064 nm, pulse duration 6 ns) and
detected by a Polytec OFV 505 laser vibrometer. The sample of the
examined AA6262 alloy was subjected to five thermal cycles, and
the reference AA6082 sample was subjected to two cycles with the
respective temperature ranges listed in Table 1. The maximal
temperatures were for all cycles above the expected DBT tem-
perature for the AA626 alloy (250 °C). For the 2nd and the 4th
cycle for the AA6262 alloy, the maximal temperature was chosen
above the melting point of Pb (Tp, =325 °C), in order to inspect
whether the melting and solidification of Pb inside the Pb+Bi
particles has any impact on the DBT and BDT processes.' For the
reference AA6082 alloy, the second cycle was extended also up to
350 °C to enable a direct comparison with the second cycle for the
AAG6262 alloy.

During each thermal cycle, the evolution of the resonant
spectrum of free elastic vibrations of the sample was measured
in the temperature region where the DBTs and the BDTs were
expected, i.e. approximately between 150 °C and 300 °C. The
temperature steps between individual measurements were chosen
between 10 °C (far away from the expected transition tempera-
tures) and 2 °C (close to the expected transition temperatures).
The heating and cooling rates were slow (1°C/min) with an
additional 2 min stabilization time at each measurement tempera-
ture prior to the RUS measurement itself. This approach was
chosen to ensure a homogeneity of temperature over the whole
volume of the sample and during the whole period of spectra
recording. The spectra were obtained in the frequency range
0.3-2 MHz, which covered approximately 40 resonant peaks at
the room temperature. However, with the increasing temperature,
a strong increase of the damping was observed, which reduced the
number of clearly detectable peaks in the vicinity of the DBT to
typically 3-5 dominant ones. As this increase of the damping was
observed over the whole temperature ranges and for both the
AA6262 and AA6082 samples, this effect was assumed as a
property of the matrix, not of the particles, and was further not
analyzed in any details.

2.3. RUS data processing

The elevated-temperature RUS data were obtained in the form
of sets of resonant spectra for each thermal cycle. At the highest

! In principle, the melting of the Pb components of the particles should also be
detectable by the RUS measurements. However, due to the below discussed high
damping above approximately 300 °C, such analysis was not possible. As it follows
from the Charpy tests, the DBT appears already due to melting of the Mg3Bi,—Bi
eutectic, so the analysis of further melting of Pb inside the particles is not of any
significant importance from the application point of view.
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Fig. 2. An example of evolution of one resonant peak with temperature during a
heating run for the AA6262 sample. The dashed line outlines the global linear trend
(Go)-

temperatures, only 3-5 resonant peaks were detectable in each
spectrum; although such a small number of resonant modes could
be in principle sufficient for some form of the inverse analysis of
the elastic moduli at these temperatures [34,35], we adopted a
simpler approach suggested by Peréz-Landazabal et al. [36] for
estimation of temperature evolution of the shear modulus of an
isotropic material (see Section 3.2. for justification of the assump-
tion of isotropy). We took few resonant modes from the lowest
part of the spectrum and determined the evolution of the
corresponding resonant frequencies with temperature. These soft-
est resonant modes are dominantly related to shear vibrations of
the material, so that their resonant frequencies are proportional to
the shear wave velocity, i.e. ® ~ Vspear = /G/p, Where G is the
shear modulus and p is the mass density. Thus, the relative
evolution of the shear modulus with respect to some reference
value G(Ty) is equal to the relative evolution of the resonant
frequency squared:

[G(T)/G(To)] = [@(T)/axTo)P, e

assuming that the density p does not change significantly. In our
case, however, an additional modification of this approach was
necessary. In Fig. 2, an example of the temperature evolution of
one chosen peak of the AA6262 alloy during a heating run of one
thermal cycle is shown. The quality of the peak rapidly decreases
due to the increase of damping mentioned in the previous
subsection. It is seen that the peak drifts with nearly constant
slope to lower frequencies with the increasing temperature, which
indicates a significant softening of the Al-Mg-Si matrix due to
heating. The same constant softening was observed also for
the AA6082 alloy. Within the shown temperature interval, the
resonant frequency decreases from 713 kHz to 690 kHz, which,
according to (1), corresponds to an approximately 6.5% decrease of
the shear modulus.? Since the changes are small compared with
the value of G, this decrease of G can be assumed as approximately
linear as well. However, the changes of the shear modulus due to
melting/solidification of the eutectic particles at the DBT/BDT
temperatures are expected to be proportional to the volume
fraction of the eutectic ( < 1%), and thus, it is necessary to subtract

2 Some part of the drift can also be attributed to the thermal expansion of the
material and the consequent changes in the dimensions of the sample and the
density. Nevertheless, for the 100 °C temperature increase the corresponding
changes of the resonant frequencies calculated for the thermal expansion coeffi-
cient of aluminum (2.3 x 10~°>K ~!) should be approximately 0.1%, i.e. by more
than one order of magnitude smaller than those observed experimentally.
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the overall linear trend from the G(T) evolution in order to
emphasize the localized changes at the transition temperatures.
For this reason, the quantity used from hereafter to describe the
changes of the shear modulus with the temperature will be

G(D)—(T=To)Gp _ [axD)* ~GoT
G(To) [@(To))?

where Ty is the lowest temperature for each measurement, and G,
is the linear slope estimated by fitting the first four values of
G(T)/G(Tp) by linear regression. In other words, the quantity 6G
represents the relative changes of the shear modulus along the
heating or cooling run of the given cycle separated from such a
global linear trend that d6G/dT =0 at To.

For each run of the measurement, the 6G(T) curves were
determined for three or four different modes. In all cases, these
curves did not differ from each other by more than 2-3% of the
maximal value of |6G(T)|. This confirms well our assumptions that
the frequencies of these modes correspond dominantly only to the
shear modulus G and that the material behaves approximately
isotropically, and justifies the use of the parameter (2) for
characterization of the changes of elasticity of the examined
materials. An additional quantitative analysis of the dominant
effect of shear modulus on the lowest resonant frequencies for the
chosen samples is given within the discussion of the RT elastic
constants in Section 3.2.

8G(T) = 2)

3. Results and discussion
3.1. Differential scanning calorimetry

The results of the DSC measurements for the AA6262 alloy are
in Fig. 3. The left part of this figure (Fig. 3(a)) shows the evolution
of the DSC heating curves with five subsequent thermal cycles
from the room temperature up to 400 °C. It can be seen that in the
first cycle the DBT induces a small but clearly visible endothermic
peak at approximately 257 °C, albeit overlapped with the precipi-
tation peak of the Mg,Si particles in the matrix. The DBT peak
remains similarly pronounced in the second cycle; nevertheless, it
appears to be broader and slightly shifted towards lower tem-
peratures. Starting from the third heating run, the DBT peak
becomes comparable to the DSC device noise and the exact
temperature ranges within which the melting of the particles
appears is not detectable. For the cooling runs (Fig. 3(b)), the BDT
reverse peaks are even less pronounced than for the heating runs.
After the second thermal cycle, the exothermic peak indicating the
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BDT transition becomes indistinguishable from the noise and it
fully disappears in the fourth and fifth cycles. It is clearly seen that
the DSC characterization is insufficient for any detailed analysis of
the DBT and BDT processes in the examined alloy.

The discussion of why the melting and solidification of the
eutectic particles gradually vanishes with thermal cycling falls
beyond the scope of this paper and is given elsewhere [16]. Here
we mention only that the main mechanism is probably the
diffusion of magnesium atoms from the matrix into the molten
particles and the consequent increase of the volume fraction
MgsBi, compound over the Mg;Bi,-Bi eutectic in the particles.
From the application point of view, it is important to investigate
whether the thermal cycling may finally lead to a complete
disappearance of the eutectic phase, or whether there may exist
some saturated (equilibrium) volume fraction of the eutectic that
does not further decrease with further thermal cycling. As shown
above, this problem cannot be fully resolved from the DSC
measurements; some more sensitive method is required, which,
as we show in this paper, can be the resonant ultrasound
spectroscopy.

3.2. RT elastic constants

For both the AA6262 and AA6082 samples, it was assumed that
the material exhibits a hexagonal symmetry class (sometimes
called transversal isotropy) with the anisotropy direction given
by the extrusion direction and all direction perpendicular to it
being equivalent [37]. The elasticity of such material can be fully
described by five independent elastic constants. These are ¢y, €12,
C13, C33 and c44 (using the shorten Voigt's notation), providing that
the anisotropy axis is aligned with the x5 direction.

Under such assumption, the elastic constants were determined
from the RT RUS measurements, using 37 resonant modes and
corresponding modal shapes for the AA6262 sample and 19
resonant modes and corresponding modal shapes for the
AAG6082 sample, in both cases complemented by three pulse-
echo measurements of phase velocities of longitudinal waves in
directions perpendicular to the faces of the sample. As discussed in
detail e.g. in [33], such an additional information from the pulse-
echo measurements improves the stability of the inverse proce-
dure used for the calculation of the elastic constants from the RUS
spectrum and reduces the experimental errors in certain combi-
nations of the resulting elastic constants.

The results are given in the upper part of Table 2. It is clearly
seen that the addition of soft Pb+Bi particles leads to overall
deterioration of the elastic stiffness of the AA6262 alloy compared
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Fig. 3. DSC signals for four five subsequent thermal cycles of the AA6262 alloy. On the left: heating runs; on the right: cooling runs.
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with AA6082; the softening is in the range 2-10% for all indepen-
dent coefficients, which is quite strong with respect to the small
volume fraction of the particles.

Nevertheless, both alloys exhibit only very weak deviations
from elastic isotropy; the differences ci1—cs33, c12—ci3 and
c44—Cgg are fully within the range of the respective experimental
errors. This means that both samples can be treated approximately
elastically isotropic for the high-temperature measurements. In
the lower part of Table 2, the closest isotropic elastic constants
(the shear modulus G and the bulk modulus K) are given. It is
clearly seen that the Pb+Bi particles soften mainly the bulk
modulus K, while the shear modulus is nearly unaffected. Since
the Pb-+Bi particles exhibit very strongly anisotropic spatial
arrangement in the microstructure of the AA6262 alloy (see
Fig. 1), it is plausible that their melting at the DBT temperature
may lead to some additional anisotropization of the material.
However, as shown in the next subsection, the changes of the
shear modulus accompanying the transitions are smaller than
0.5%, so even above the DBT temperature the deviations from
isotropic behavior are rather negligible.

The obtained RT elastic constants for both samples were also
used to verify the assumption used for the high-temperature
spectra analysis, that the lowest resonant modes are dominantly
sensitive to G, while the sensitivity to K is significantly lower. For
the first detectable ten modes for both AA6262 and AA6082
samples, the partial derivatives of /oG at constant K and of /oK at
constant G were numerically calculated, where f= /27 stands

Table 2

Room temperature elastic constants of the examined alloys. In the last two rows,
the closest isotropic shear modulus G and bulk modulus K for each material
are given.

for the resonant frequency of the given mode. The results are
summarized in Fig. 4; for each mode, the values of these deriva-
tives are listed together with an estimate of the possible relative
error in the evolution of G calculated via the relation (1) when the
effect of K is neglected and when assuming that the changes of G
and K are comparable. In a linear approximation of the first order,
such an error can be calculated as

5%ﬂ.
(5)+ ()

It is clearly seen that the above mentioned assumption is well
satisfied, as this error does not exceed 7% for any of the modes, and
is lower than 3% for most of the modes. The first mode for both
samples is sensitive only to G; there is also one specific modal
shape (mode no. 8 for the AA6262 sample and mode no. 3 for the
AAG6082 sample) where the sensitivity to K is the highest. In
summary, the errors given on Fig. 4 are in good agreement with
the differences between the 6G(T) curves for the individual modes
mentioned at the end of Section 2.3.

3

3.3. RUS detection of the transition temperatures

Fig. 5 shows the evolution of 6G during heating (a) and cooling
(b) runs of two subsequent thermal cycles for the reference
AA6082 sample. It is seen that while the cooling curves have a
very similar character for both the first and the second cycle, there
is a significant increase of 6G above 190 °C for the first heating run
that fully absents for the second heating run. In agreement with
the DSC measurement, this increase can be identified as a result of
Mg,Si precipitation. All other curves are smooth and concave,

AAG262 AAG082 which indicates that the softening of the matrix is slightly faster
than purely linear. However, these deviations from the linear trend
c11 (GPa) 1104 +0.9 1213 +1.8 in th d £10-3 i ligibl d with the li
12 (GPa) 578+ 0.9 681+19 dare Iin e or .er 0 , L.e. negligible compared wi e linear
c13 (GPa) 56.5+0.8 66.9 +1.7 trend shown in Fig. 2.
¢33 (GPa) 108.5+0.7 1183 +18 The results obtained for the AA6262 sample are shown in
Caa (gga)a ggg * g’; ;gz + g-é Figs. 6 (heating runs) and 7 (cooling runs). For the first heating
C a 3+ 1 .6 + 2. . P : PR :
GGE(‘G(Pa) ) 26.24 0.4 268400 run, the Mg,Si precipitation again induces some hardening at
.2 £+ 0. .8 +0. o . . . °
K (GPa) 745413 849420 above 180 °C, which is however, interrupted at 253 °C by a sharp
decrease indicating the melting of the eutectic particles. This
“ Calculated as (c11 —¢12)/2. decrease of magnitude 8Gpgr = 1.65 x 10~ is finished at 262 °C.
AA6262 AA6082
Mode No. 1 Mode No. 6 Mode No. 1 Mode No. 6
Frequency  433.1 kHz Frequency  699.0 kHz Frequency  273.5 kHz Frequency 752.8 kHz
of 1 6G 8.25 kHz / GPa of 1 9G 13.27 kHz / GPa of | G 5.08 kHz / GPa of 1 9G 13.0 kHz/ GPa
af 1 oK 0.001 kHz / GPa of 1 oK 0.015 kHz / GPa of | oK 0.004 kHz / GPa af 1 oK 0.311 kHz / GPa
rel. error 0.01 % rel. error 0.12 % rel. error 0.07 % rel. error 2.34 %
Mode No. 2 Mode No. 7 Mode No. 2 Mode No. 7
Frequency 590.3 kHz Frequency 712.2 kHz Frequency 401.2 kHz Frequency 951.3 kHz
of 1 G 10.92 kHz / GPa of 1 9G 13.52 kHz / GPa of | G 7.18 kHz / GPa of 1 9G 15.7 kHz / GPa
af 1 oK 0.111 kHz / GPa of | oK 0.017 kHz / GPa of 1 K 0.088 kHz / GPa af 1 oK 0.605 kHz / GPa
rel. error 1.01 % rel. error 0.13 % rel. error 121 % rel. error 371 %
Mode No. 3 Mode No. 8 Mode No. 3 Mode No. 8
Frequency  623.6 kHz Frequency  739.1 kHz Frequency  516.6 kHz Frequency  982.6 kHz
of 1 6G 11.34 kHz / GPa of 1 9G 11.99 kHz / GPa of | G 7.77 kHz / GPa of 1 9G 17.4 kHz / GPa
af 1 oK 0.184 kHz / GPa of 1 K 0.723 kHz / GPa of 1 oK 0.573 kHz / GPa af 1 oK 0.258 kHz / GPa
rel. error 1.60 % rel. error 5.69 % rel. error 6.87 % rel. error 1.45 %
Mode No. 4 Mode No. 9 Mode No. 4 Mode No. 9
Frequency  673.9 kHz Frequency  758.7 kHz Frequency  608.6 kHz Frequency 1013.1 kHz
of / 6G 12.77 kHz / GPa of 1 9G 14.33 kHz / GPa of | G 10.9 kHz / GPa of 1 9G 18.3 kHz / GPa
af 1 oK 0.023 kHz / GPa of 1 9K 0.042 kHz / GPa of 1 oK 0.128 kHz / GPa of 1 oK 0.153 kHz / GPa
rel. error 0.18 % rel. error 0.29 % rel. error 1.16 % rel. error 0.83 %
Mode No. 5 Mode No. 10 Mode No. 5 Mode No. 10
Frequency  694.7 kHz Frequency  776.8 kHz Frequency  633.1 kHz Frequency 1035.5 kHz
of | G 12.85 kHz / GPa af 1 aG 13.82 kHz / GPa of | 0G 11.3 kHz / GPa af 1 aG 17.3 kHz / GPa
of 1 oK 0.131 kHz / GPa of 1 9K 0.339 kHz / GPa af 1 K 0.143 kHz / GPa of 1 oK 0.605 kHz / GPa
rel. error 1.01 % rel. error 239 % rel. error 1.25 % rel. error 3.38 %

Fig. 4. Sensitivities of the individual resonant modes of the AA6262 sample (on the left) and the AA6082 sample (on the right) to the shear modulus G and the bulk modulus
K. The relative errors in §G(T) expectable due to neglecting the effect of K on the spectrum are estimated by the formula (3). The modal shapes are represented by contour
plots of the out-of-plane displacement field amplitudes at the largest face for each sample.
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Fig. 6. Evolution of sG with temperature during the heating runs for five
subsequent thermal cycles. The numbers 1-5 denote the cycle numbers, the
dash-dot lines are guides for eye indicating approximate regions of the BDT
transitions.

The maximal slope d(6G)/dT appears approximately at
Tppr =257 °C, which corresponds exactly to the DSC peak. Simi-
larly sharp decreases of 6G can be seen also for all other heating
runs. The transition temperature for the second cycle is slightly
shifted downwards (Tpgr = 254 °C), which is, again, in agreement
with DSC. For the third and further cycles, this temperature
remains approximately the same, and so does the width of the
transition intervals (~10 °C). On the contrary, the magnitude of
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Fig. 7. Evolution of 5G with temperature during the cooling runs for five
subsequent thermal cycles. The numbers 1-5 denote the cycle numbers, the
dash-dot lines are guides for eye indicating approximate regions of the DBT.

the jump associated with the transition (6Gpgr) changes signifi-
cantly due to the cycling. A maximum appears in the second cycle
(6Gppr = 2.9 x 103 after subtracting the overall concave trend of
the curve), which can be, however, affected by the fact that in the
first cycle the softening from the DBT still superposes with the
stiffening due to the Mg,Si precipitation. Further on, the value of
8Gpgr gradually decreases from 1.5 x 10~ 3 (the third cycle) to
0.6 x 10~ 3 (the fifth cycle). The evolutions of the DBT tempera-
tures, of the widths of the transition interval and of the 6Gpgr do
not seem to be anyhow affected by the overheating (above Tpy,) in
the second and the fourth cycle.

A significantly different picture is obtained for the cooling runs
(Fig. 7). In the first run, the stiffening appears in a broad
temperature interval (from 240 °C to 220 °C) with the magnitude
8Gppr = 2.7 x 10~ 3. The maximal change of the slope indicating
the BDT temperature appears approximately at Tppr = 235 °C,
which is, again in agreement with the DSC prediction. Similar
widths of the BDT intervals (~20 °C, i.e. two times broader than
for the DBTs) can also be seen for the third and the fifth thermal
cycle, i.e. for those cycles for which the maximal temperature did
not exceed Tp,. The BDT temperatures for these cycles system-
atically increase up to Tgpr = 250 °C for the fifth cycle. This means
that the hysteresis between the DBT and BDT transition gradually
decreases with the increasing number of cycles, while the asym-
metry between the widths of the respective transition intervals
remains the same. Let us mention that such asymmetry is reversed
compared to the one observed by Borisov et al. [9] for gallium
particles in porous glasses, where the melting of the particles was
quite smooth and within a broad interval, while the freezing
appeared abruptly at a certain temperature. The decreasing width
of the hysteresis indicates that the material undergoes gradual
changes due to thermal cycling; a possible explanation of this
effect is that the changes of the density of the eutectic particles
during melting and solidification induce cyclic plastic deformation
of the matrix (as observed by Kuba and Van Aken [10,11]), and,
consequently, the thermal cycling results in an elastic shakedown
effect [38]. Such conjecture must be, however, further confirmed
by a detailed analysis of the residual stresses in the vicinity of the
particles as well as by mathematical modeling of the melting/
solidification processes in the given microstructure within the
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frame of continuum mechanics, which both fall beyond the scope
of this paper.

For the second and the fourth cycle the changes of 6G occur in
very broad intervals (~40 °C) and are significantly larger than the
values of 6Gpgr in the subsequent heating runs. This means that
overheating of the materials above the melting point of Pb
significantly affects the BDT process, while the reverse transitions
in the next cycles seem to be unaffected. The broad width of the
BDT intervals in these two runs gives also a direct explanation of
why no corresponding exothermic peaks were detected in the DSC
measurements (notice that the maximum temperatures of the
cycles for the DSC measurements were all equal to 400 °C).

On the other hand, for such broad temperature intervals the
detection of exact temperatures of the initiation and termination
of the BDT is necessarily less accurate. The inflection points at the
OG(T) curves indubitably indicate that these transitions occur, but
the changes of the d(6G)/dT slope at the limits of the transition
interval are much less pronounced, especially at the BDT finish
temperature where the effect of the transition superposes with the
allover concave character of the 6G(T) curve for the matrix. In such
cases, it is necessary to make a more detailed analysis of the
d(6G)/dT slope. As known from the AA6082 sample measure-
ments, the 0G(T) curve for the matrix in the given temperature
interval is decreasing, smooth, but not exhibiting any sharp
changes of the slope. Let us assume in the sense of Voigt's
homogenization scheme that the slope can be expressed as

d(5G)/dT =(1- l)d(acmatrix)/dT + ld(écpanicles)/dn (4)

where 4 is the volume fraction of the particles, and let us further
consider that d(6Gparticies)/dT exhibits no significant changes out-
side the transition interval. Above the transition interval, where
the material of the particles is melted, the shear modulus of the
liquid can be considered as incomparably smaller than the shear
modulus of the particles in the frozen state; consequently, the
changes of Gpariicies due to temperature evolution of the viscosity of
the melt above the transition should be negligible compared to the
(0Gparticies)/dT slope in the solid state.

In this sense, the transition interval can be estimated as
such an interval outside which the d(6G)/dT slope can be
fitted by one smooth function d(6Gmatix)/dT plus a finite jump
in d(6Gpartices)/dT. The character of the smooth function is
unknown, but can be estimated from the behavior of the
d(6G)/dT slope for the AA6082 sample in the same temperature
range. A comparison of the d(6G)/dT slopes for the AA6262 and
AA6082 samples in the cooling run of the second thermal cycle is
given in Fig. 8. It is clearly seen that up to approximately 220 °C,
the d(6G)/dT curves are very similar. At higher temperatures,
however, the AA6262 slope exhibits a sharp drop with a minimum
at approximately 247 °C, and then levels out above 265 °C at some
approximately constant value, that is, however, significantly
higher for the AA6082 sample. This behavior enables us to
estimate the BDT interval as the interval 220-265 °C; outside this
interval, the evolution of the slope is smooth and similar as for the
AAG6082 alloy plus the above discussed finite jump due to melting
of the particles.

Nevertheless, although the above given analysis enables some
estimation of the transition temperatures even for very broad
transition intervals, and gives also some deeper insight into the
elasticity changes of the alloy during the transition, the localization
of the transition temperatures in such a case is still significantly less
accurate than for the heating runs, where the changes are sharp and
well detectable. The peak in the d(6G)/dT slope seen in Fig. 8 is
somehow more pronounced than the corresponding peaks in the
DSC measurements. In this case, however, the determination of the
transition temperatures from the RUS results requires a relatively

AAB262

T
3
2 - 1
5 AAG082
g st .
©
o} ]
25t . . . . . :
200 220 240 260 280
T[Cl

Fig. 8. Temperature evolutions of the d(5G)/dT slopes for the AA6262 and AA6082
samples during the cooling runs of the second thermal cycles. For the AA6262
sample the slope was obtained from the experimental data by four-point finite
differences, for the AA6082 sample (where the number of the experimental points
is lower), the experimental data were fitted by bi-cubic spline functions and the
slope was then calculated analytically.

extensive processing of the experimental data, so the advantage of
the RUS approach over DSC becomes questionable.

4. Conclusions

The approach proposed in this paper for non-destructive
detection of DBTs and BDTs in free-cutting aluminum alloys was
shown to be more efficient than the use of DSC especially after two
or more thermal cycles, when the volume fraction of the trans-
forming particles decreases below the resolution limit of DSC. As
seen for the heating run of the first cycle, the elasticity changes
due to the melting of the eutectic particles are fully comparable to
those resulting from the structural processes in the Al-Mg-Si
matrix (Mg,Si precipitation). The RUS approach enables to detect
also the transitions spread over broad temperature intervals, for
which the DSC peaks are absent. In addition, the obtained results
enable a semi-quantitative analysis of the DBT and BDT processes
by observing the evolution of the 6Gpgr and 6Ggpr values and of
the resulting widths of the hysteresis and the freezing/melting
asymmetries. This analysis indicates that the DBTs and the BDTs in
free-cutting aluminum alloys such as AA6262 are complex pro-
cesses, combining probably the diffusion-driven composition
changes and the redistribution of elastic and plastic strains in
the vicinity of the particles.
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We study elastic anisotropy of a disordered Fe—Pd alloy under reversible elastic-like strains up to 4.3% by
means of ultrasonic methods. The evolution of the full tetragonal tensor of elastic constants with a [001]-
prestress ranging from O to 200 MPa is obtained, which enables an analysis of the change of the low-
frequency limit of the soft-phonon structure. It is observed that while the anisotropy of the elastic
moduli further increases, giving rise to an anomalous anisotropy factor of A > 50, the phonon branches

stiffen. This means that, unlike for conventional shape memory alloys, the tetragonal crystal structure
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induced by the prestress is more stable than the stress-free cubic structure, although there is no other
indication of the stress-induced transition.
© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Structural austenite — martensite transitions in shape memory
alloys (SMAs) are typically accompanied by anomalous softening of
the lowest acoustic phonon branch (TA;) indicating the shear
instability of the lattice [1,2]. This softening is observed both with
the temperature decreasing towards the transition temperature
[3—6] and under increasing external mechanical loads as a pre-
cursor for stress-induced transitions [7—9]. The martensitic tran-
sition itself can be then understood as mediated by lattice
vibrations (i.e. acoustic phonons) in this soft shearing modes. For
the cubic lattice of the austenite phase, the instability can be
parametrized by the anisotropy factor A = c44/c’, where the elastic
constants c44 and c¢' denote the elastic stiffness of the lattice with
respect to basal and diagonal shears, respectively. In the vicinity of
the transition temperatures, apparently high values of A have been
reported for example for Ni-Mn—Al [10] (A = 6.5), Cu—AI—Ni [11]
(A = 10.4), Cu—Zn—Al [7] (A = 13.2), Fe—Pd [12] (A = 14.6),
Ni—Mn—Ga [13] (A = 18 after subtracting magneto-elastic effects)
and Co—Ni—Al [14] (A = 25.6).
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However, unlike for structural transition for example in perov-
skites [15], the complete loss of stability (A— ) has never been
observed for any SMA, as earlier than this limit is approached the
material undergoes the first order martensitic transition related
with a discontinuous jump of lattice constants and elastic co-
efficients. For the same reason, the continuous evolution of the
soft-phonon shear modes from austenite to martensite over the
transition interval is impossible.

The disordered Fe—Pd alloys with Pd content of approximately
30 at.% and partially ordered Fes Pt alloys exhibit specific second-
order-like martensitic transitions with very small discontinuity of
the lattice parameters at the transition temperature [16—19]. In the
superelastic regime, i.e. under mechanical compression close above
the transition temperature, these alloys exhibit reversible, non-
hysteretic, elastic-like behavior up to 4—6 % of strain, in particular
under compressions along the principal {100} axes. The magni-
tudes of these large, stress-induced tetragonal distortions are fully
comparable to the Bain distortion between the cubic (fcc) and
tetragonal (fct) phases achieved during the temperature induced
transitions for the same alloys. As such, these alloys appear to be
optimal candidates for studying the evolution of the soft-phonon
modes and lattice instability with straining along the Bain path.
In this paper, we bring results of such an analysis for the Fe—Pd
alloy subjected to mechanical prestress. We observe a continuous
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evolution of the soft shear moduli and related low-frequency limits
of the phonon modes during the loading and unloading processes
and discuss how this evolution relates to the structural change of
the material.

Lattice dynamics of the fcc phase of an Fe—Pd alloy with slightly
lower Pd content (28 at.%) was studied by Sato et al. [20], who
observed significant softening of the low-frequency limit of the
lowest acoustic phonon branch with decreasing temperature using
neutron inelastic scattering measurements. It was shown that this
softening appears in the vicinity of the fcc — fct transition tem-
perature and is strongly coupled with ferromagnetic ordering,
similarly as in the Ni—Mn—Ga alloy [13]. In this paper, we explore
the possibility of inducing similarly strong effects on the soft-
phonon structure by mechanical prestress applied closely above
the transition temperature.

2. Experimental procedures
2.1. Sample preparation and stress-strain measurements

The used sample was a single crystal of an alloy with nominal
composition Fe-31.2at.%Pd grown by a floating zone method (see
Ref. [17] for more details). The single crystal was heat-treated at
1373 K for 24 h followed by quenching into ice water. The
martensitic transition temperature of this alloy was determined by
magnetic susceptibility measurements as 252 K, i.e. sufficiently
close below room temperature (RT, 298 K) to expect the above
mentioned elastic-like behavior. A sample of geometry sketched in
Fig. 1 was prepared from this single crystal. The dimensions of the
sample were 4.84 x 4.07 x 2.78 mm>, the longest edge was ori-
ented approximately along a principal [001] direction. Two large
lateral surfaces of orientations approximately (010) and (340) were
prepared on the sample and mirror-polished; the exact crystallo-
graphic orientation of these faces was determined by Laue method.

The stress-strain curve for the examined sample was obtained
under compression along the [001]- oriented edge using an elec-
tromechanical testing machine TiraTest 2300 (force resolution
0.1 N, displacement resolution 1 um using LVDT gaging sensors).
Simultaneously, the expansion of the material in the direction
perpendicular to the loading ([340] in particular) was measured by
contact inductive transducers (displacement resolution 1 um)
clamped against the lateral faces of the prismatic part of the sam-
ple. Due to the cubic symmetry, it was assumed that the cross-
section of the sample parallel to the (001)— plane expands iso-
tropically under the [001]-compression, and so that contraction of
the material in the loading direction and its expansion in the [340]—
direction are sufficient for calculation of the volume change of the
sample upon loading.

The stress-strain measurement was performed at room tem-
perature (RT, 298 K, controlled with precision +0.25 K) and for
stresses up to 210 MPa. This limit was chosen to stay safely beyond
the critical stress for the irreversible plastic deformation of the
sample, which was expected to be ~ 285 MPa [17].

2.2. Ultrasonic measurements

The two mirror-polished lateral faces of the sample were used
for measurements of the velocity of surface acoustic waves (SAWSs)
under prestress, using a pump-laser line-like source for generation
and probe laser for point-like detection of the waves (see Ref. [21]
for instrumentation details). This fully contact-less approach
enabled accurate measurements of the SAW velocities in different
directions without being affected by the changes of the shape of the
sample due to the loading; these measurements were performed
under prestress along the whole stress-strain curve up to 210 MPa.
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Fig. 1. (a) geometry of the sample; (b) experimental arrangement for SAW measure-
ments; (c) experimental arrangement for qL bulk wave measurement.

For these measurements, the prestress was provided by a small in-
house built testing machine (maximal load 5 kN, load resolution
0.1 N); by rotation of the whole testing machine, SAW velocity
measurements in different directions were enabled for fixed
geometrical configuration of the pump and probe laser beams.

On each of the available free surfaces, the SAW velocity was
measured in three directions: along the compression direction (as
sketched in Fig. 1(b)), perpendicular to the compression direction,
and in a general direction inclined either by 60" (for the (340)
surface) or by 70° (for the (010) surface) from the loading direction.
Such directions were used that the obtained signals for them
enabled easy identification of the SAW arrivals and their tracing
during the whole stress cycle. For each direction of propagation and
each level of the prestress, SAW signals were obtained for 10
different distances between the line-like source and the point-like
detector with an increment of (30 + 0.1) pm, which was enabled by
positioning the probe laser beam by a motorized stage. The velocity
was then determined from the linear trend of the SAW signals in
dependence on the propagation distance; from the scatter of the
data for individual increments, the experimental error of the ob-
tained SAW velocity was estimated as 0.05 mm/us.

As shown in Ref. [21], the SAW measurements themselves may
be insufficient for determination of the whole elasticity tensor, as
they are mainly sensitive to the shear elastic constants but not to
the longitudinal ones. For this reason, the SAW measurements were
complemented by conventional pulse-echo and through-
transmission measurements of velocity of quasi-longitudinal (qL)
bulk acoustic waves in directions parallel and perpendicular to the
loading using the arrangement outlined in Fig. 1(c). Piezoelectric
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transducers (5 MHz) were used to generate and detect the waves;
the change of the dimensions of the sample due to the prestress
was taken into account for the calculation of the velocity from the
measured time of flight.

For both SAW and gL waves, strong attenuation of the propa-
gating waves was observed at zero prestress; however, this effect
gradually disappeared with the increase of loading above ~ 75 MPa.
A possible explanation of this behavior is that the attenuation was
caused by magneto-elastic coupling (documented by Sato et al.
[20]) that was gradually suppressed by stabilizing the orientation of
the magnetization vectors by prestress due to magnetostriction.
Both SAW and qL wave measurements were performed at the same
conditions as the stress-strain measurements, i.e. under ambient
atmosphere and under controlled temperature of (297 + 0.25) K.

3. Inverse calculation of the elastic constants

The experimentally obtained set of SAW and bulk gL ultrasound
velocities was then used for calculation of the full elastic tensors of
the material. At zero prestress, this tensor was assumed as cubic
(three independent elastic coefficients c11, c12 and c44), at non-zero
prestress, tetragonal symmetry (point group Dg4p) with six inde-
pendent elastic constants ciy, €33, €12, €13, C44 and cgg was assumed,
with the tetragonal axis x3 oriented along the compression direc-
tion. For each prestress level, 8 values of velocity (6 for SAW waves
and 2 for qL waves) were available.

The inverse calculation was done by the numerical procedure
described in Ref. [21]. In this approach, the sought elastic co-
efficients were obtained by minimization of the error function

Fle) = 32 (" @) 57 (1)

where ¢jj represents a set of independent elastic constants, p is the
number of the input data (p = 8 in this case), and the superscripts
exp and cal denote the experimental values of SAW and qL veloc-
ities and the corresponding values of these velocities calculated for
a given guess of cj;, respectively. A gradient Levenberg—Marquardt
method was used for the minimization. For the input of the error
function (1), the velocities of qL waves were calculated from the
Christoffel's equation [23]. The velocities of SAWs were calculated
from resonant frequencies of constrained elastic vibrations of a
surface element of the anisotropic material; these resonant fre-
quencies were obtained by the Ritz-Rayleigh approach, see Ref. [21]
for more details. For the calculation, the mass density of 9.11 g cm 3
was taken at the stress free state, as determined for the examined
sample by the Archimedes method; for the non-zero prestress
levels, the mass density was always recalculated from the actual
volume change of the sample.

As a result, an optimized set of elastic coefficients, i.e. the set
that minimizes the error function (1) was obtained for each stress
level. The experimental error of this set was estimated by an error
analysis procedure described in details in Ref. [22] (see Ref. [21] for
the modification of this procedure particularly for SAW measure-
ments). This procedure is based on an eigenvalue analysis of the
Hessian matrix 9°F/acijocy, and was also used for calculation of all
experimental errors of soft shear coefficients ¢' and shear moduli G
given in this paper.

4. Results
4.1. Stress-strain behavior

The stress-strain behavior of the sample under compression up

to 210 MPa is shown in Fig. 2(a). The maximal reached axial strain
was 4.3%. As seen in Fig. 2(a), the stress-strain curve was approxi-
mately linear with an inflection point at —e33 = 1.8% (~ 80 MPa) and
very narrow hysteresis. From the elongation of the sample in the
direction perpendicular to the loading, the corresponding maximal
tetragonal distortion was calculated as c/a = 0.94, which is signif-
icantly stronger than the transformation Bain strain c/a = 0.98
observed for temperature-induced fct martensite of Fe—30Pd close
to the transition temperature [24]. Fig. 2(b) shows the corre-
sponding evolution of the relative volume change; the character of
the 6V(—e33) dependence was very similar to that of the stress-
strain curve with the rate of volume change minimal
at —e33 = 1.5% and slightly above it. The maximal volume change of
0.54% at axial strain of 4.3% gives the effective Poisson's ratio of
0.453, which indicates nearly perfect volume conservation during
the loading.

4.2. Ultrasound velocities

The measured stress-dependencies of the SAW velocities are
shown in Fig. 3 (solid lines). Similarly as the stress-strain curve, the
SAW velocity data exhibited monotonous trends and nearly zero
hysteresis, which confirms that the tetragonalization of the mate-
rial occurred gradually, without formation of sharp interfaces or
any other abrupt or discontinuous features. On both used free
surfaces, the weakest dependence of the SAW velocity on the
prestress was observed for propagation in direction parallel to the
loading direction, while this dependence was the strongest for the
direction perpendicular to the loading direction.

Also the gL velocities (not shown) exhibited non-hysteretic,
monotonous increases with increasing prestress. In particular, the
gL velocity in the [001] (loading) direction exhibited an increase
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Fig. 2. (a) RT stress-strain curve of the examined Fe—Pd single crystal exhibiting large
elastic-like strains; (b) the corresponding relative volume change determined from the
expansion of the sample in direction perpendicular to the loading. In the visualizations
of the unit cells ay denotes the lattice parameter of the cubic unit cell in the stress-free
state, and ¢ and a are the lattice parameters of the unit cell tetragonally distorted by
the prestress.
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Fig. 3. Ultrasonic SAW velocities measured on the (010)— and (340)— oriented free
surfaces of the sample; ¢ stands for the angle between the compression direction and
SAW propagation direction. Solid lines denote the experimental data (during both
loading and unloading); the dots denote SAW velocities calculated for the given di-
rections of propagation from the resulting set of elastic constant at each stress level.

from (4.06 + 0.02) mm/us to (4.25 + 0.02) mm/us at 210 MPa, while
the gL velocity in the perpendicular [340] direction exhibited a
weaker increase from (4.84 + 0.02) mm/us to (4.91 + 0.02) mm/us.

4.3. Elastic constants

As seen in Fig. 3, for all levels of the prestress and for all prop-
agation directions the velocities obtained during loading differed
by less than 0.07 mm/us from those obtained during unloading, i.e.
the difference was always comparable to the experimental error.
Hence, it was assumed that also the evolution of elastic constants
with prestress is non-hysteretic, and only one value of velocity for
each propagation direction and each propagation mode at the given
stress level (calculated as an average from the loading and
unloading runs) was taken for the inverse procedure described in
Section 3.

By this approach, the evolution of the elasticity tensor was ob-
tained in the range 0 MPa—200 MPa with a 25 MPa step. The results
for the upper and lower limits of the cycle are listed in Table 1, the
full evolution of the elastic tensor with prestress is shown in Fig. 4.
As seen in this figure, the evolution of all six tetragonal constants
was continuous and smooth. For the constants c13 and cgg, a gradual
change of the slope was observed between 50 MPa and 100 MPa,
which corresponds to the inflection point at the stress-strain curve.
This interval also corresponds well to the significant change in the
damping of the measured acoustic waves, as mentioned in Section

Table 1
RT elastic constants of the examined Fe—Pd single crystal in the stress-free cubic
state and under axial prestress of 200 MPa.

Prestress (—a33) 0 MPa 200 MPa

Elastic anisotropy Cubic Tetragonal
c11 (GPa) 1495+ 1.6 1834+ 1.0
¢12 (GPa) 143.6 + 1.7 1316 + 1.2
C13 (GP&) =C12 159.2 + 0.8
¢33 (GPa) =c11 1654 + 1.0
C44 (GPa) 70.5 + 0.4 99.3 + 2.6
ces (GPa) =Cy44 65.2 +25

2.2. Thus, it is plausible that below this stress-level the elastic
constants are affected by magneto-elastic coupling reported by
Sato et al. [20], while above it the prestress fully suppresses any
misorientations of the magnetization vectors and the magneto-
elastic effect disappears.

The SAW velocities calculated for these sets of elastic constants
at individual prestress levels are in Fig. 3 compared to the experi-
mental input data. It is seen that agreement is satisfactory; the
mean deviation of the calculated values from the experimental data
in the root-mean-square sense was 0.034 mm/us for the SAWs and
0.021 mm)/us for the gL waves, which is in both cases comparable to
the respective experimental errors.

Let us mention that while the elastic constants c¢;; determined
from the ultrasonic measurement change significantly due to the
loading, the stress-strain curve retains an approximately constant
slope, i.e. the quasi-static Young's modulus in the loading direction
remains unchanged. The evolution of Young's modulus calculated
from the experimentally determined elastic constants c; is given in
Fig. 5; in particular, a directional dependence of Young's modulus in
the (010) plane is shown. It is seen that the modulus in the [001]
direction is indeed only slightly affected by the prestress and re-
mains very small (~ 4 GPa) even at 200 MPa; on contrary, Young's

200

100

80

60| Il Il Il
0 50 100 150 200
=0, (MPa)

Fig. 4. Evolution of all independent tetragonal elastic coefficients with the applied
prestress.
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modulus in a direction inclined by approximately 35  from the
[010] direction increases nearly five times (from 31 GPa to 149 GPa).

4.4. Elastic anisotropy

Both the stress-free cubic material at 0 MPa and the material at
200 MPa with stress-induced tetragonal elasticity exhibit very high
levels of elastic anisotropy. The shear moduli ¢' = (2.9 + 0.2) GPa
and c44 = (70.5 + 0.4) GPa give the anisotropy factor A = 24.3 for the
stress-free state, which is already a high value indicating the soft-
phonon instability related to the ¢'— shearing modes.

For the material under the compression, the structure of the soft
shearing modes further significantly evolves. To analyze the
resultmgelastlc anisotropy, we will use two basic soft moduli G<1lll%]
and G!! 101 , denoting shear moduli for shearing along the (110) and
(101) planes respectively, along the soft ([110] and [101]) di-
rections, see the sketches in Fig. 6 for clarity. Following the con-
ventional definition of a shear modulus, these shear moduli are
defined so that if a pure shear loading 7 is applied to the material
along the prescribed plane and in the prescribed direction, then
this loading is related to the corresponding shear strain ¢ (along the
same plane and in the same direction) by

r= 20(’;’;{'; (2)
where (ijk) is the plane along which is the shearing applied and
[Imn] is the lattice vector determining the direction of the shearing.
For prescribed (ijk) and [Imn], the corresponding shear modulus
can be directly calculated from the elastic constants c; at each stress
level via the relation (2).

At zero prestress, these moduli are both equal to c'; their evo-
lution with the prestress is shown in Fig. 6. The GE]III%] shears stiffen
from (2.9 + 0.2 GPa) to (25.9 + 1.1 GPa) and the shear instability
fully disappears. The anisotropy of shear moduli for shearing along
the planes parallel to the loading direction is then

010 110 110
A= G[mo])/G([no] 6/G<[110]) =25 (3)

at 200 MPa, i.e. comparable to that of copper or iron single crystals.

The G 101]) modulus, on the other hand, exhibits moderate
contmuous softening down to (1.9 + 0.4) GPa at 200 MPa. The
resulting anisotropy of the shears along planes parallel to the [010]
(or [100]) direction is then

150 GPa
: 200 MPa

100-GPa 175 MPa
150 MPa
125 MPa
100 MPa
75 MPa
50 MPa

25 MPa

0 MPa

Fig. 5. Evolution of Young's moduli in a (010)— cut; the color scale denotes the level of
prestress, the arrows show the orientations of [001] (loading direction) and [100]
lattice vectors (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).

0 50 100 150 200
o, (MPa)

Fig. 6. Evolution of principal shear moduli with the prestress; the arrows in the
sketched tetragonal unit cells indicate the directions of the applied shear loads along
the highlighted planes.

100] 101 10
A= G[om /G([101]) :C44/G[101 =52, (4)

i.e. two times higher than yet reported for any SMA single
crystal; this extremely high value of the anisotropy factor is a result
of the softening of the G[w]l] modulus and simultaneous stiffening
of the c44 modulus, and it indicates that the [001]-prestressed
material at 210 MPa is very unstable with respect to the diagonal
shears.

4.5. Soft-phonon structure

As mentioned in the introduction, the martensitic transitions in
SMAs are understood as mediated by the softest phonon branches.
From this point of view, the anomalous increase of the elastic
anisotropy shown in the previous subsection does not directly
imply any changes of the stability of the parent phase with straining
along the Bain path. To analyze this stability, the soft-phonon
structure must be evaluated. The obtained set of elastic constants
cjj enables us to calculate the structure of the acoustic phonons in
the low-frequency limit, where the relation between the phonon
frequency w and the wave number k is given by the Christoffel's
equation [23].

In the stress-free state, the softest acoustic phonons are the
shear phonons propagating along {101} directions and polarized in
{101} directions, i.e. TA; phonons, as usual for the high tempera-
ture phases of SMAs. The speed of propagation of these phonons is
given by

v=w/k=

Vel = [ciat) /s (5)

where p is the mass density. Under the increasing prestress, how-
ever, the elasticity of the material becomes tetragonal. Conse-
quently, the slowest acoustic phonons propagating along the {101}
may become quasi-shear, i.e. having some small longitudinal
component in their polarizations, and the phonons with pure shear
polarizations exactly along the [101] direction may not exist; in
other words, the extremely soft shear modulus G[1o1]) in the tetra-
gonalized material may not directly correspond to any vibrational
mode of the lattice.
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Fig. 7. Phonon slowness k/w curves for the soft modes (a) and the corresponding cuts of the slowness surfaces by (010) and (001) tetragonal planes (b) and (c).

Fig. 7 shows the calculated evolution of the low-frequency limit
of the acoustic phonon structure with prestress. The phonon
structure in this figure is depicted in terms of the slowness values k/
w = 1/v (as usual in the literature, e.g. Ref. [23]). The slowness
representation enables clear visualization of the softest phonon
branches, as these branches are those with the maximal slowness.
The stiffening of a phonon branch can be then observed as a
decrease of the slowness value.

In particular, Fig. 7(a) shows the evolution of the slowest TA;
phonons for directions of propagation oriented along the (010) and
(001) planes, i.e. along the principal planes perpendicular to the
loading direction and parallel to it, respectively. Obviously, both
soft phonon branches are stiffening. Similarly as for the shear
moduli, the [110]— polarized phonons stiffen significantly, while
the [101]— polarized phonons keep some instability. Nevertheless,
the latter phonon branch does not reflect the increasing anisotropy
of the shear _moduli; in other words, the extremely soft shear
modulus 6[11%11] indeed does not correspond to any of the vibra-
tional modes of the lattice. On the other hand, as seen from the cut
of the slowness surface (i.e. the plot of the slowness magnitude
with respect to the propagation direction running along a unit
sphere) in Fig. 7(b), the phonon structure in the (010) cut remains
very similar to that of the unstressed cubic material, with the di-
rections of propagation of the slowest acoustic phonons deviating
only slightly (by ~ 1°, approximately in agreement with the incli-
nation of the (101) tetragonal plane) from the cubic {101} di-
rections. This means that the [101](101) phonon branches (TA) still
retain the soft-mode character, but these soft modes are stiffening
with the prestress.

5. Discussion

As seen in Fig. 4, the elastic constants of the examined Fe—Pd

single crystal are relatively sensitively dependent to the prestress,
as a 25 MPa compressive stress already induces a well-measurable
tetragonalization of the elastic anisotropy. Nevertheless, such
strong coupling between the stress and the elastic constants is
quite common for the high-temperature phases of the SMAs; the
magnitudes of dc;j/de33 for the examined material are quantitatively
fully comparable with those of the austenite phases of Cu—Al—Ni
and Cu—Zn—Al SMAs reported by Cernoch et al. [8] and Verlinden
et al. [7], respectively.

However, there is a significant qualitative difference between the
soft phonon structure of Fe—Pd and the conventional SMAs reported
in Refs. [7,8]. These alloys exhibit softening of the TA, phonon
branch towards the threshold stress for initiation of the first order
martensitic transition, which can be understood as a precursor
phenomenon for nucleation of the stress-induced martensite. The
increase of the phonon instability under external loads has been
observed also for NiTi' single crystals [9]. In the examined Fe—Pd
alloy, on the contrary, the lattice dynamics in the low-frequency
limit is getting stabilized by the external prestress. In other words,
the soft-phonon picture of the prestressed material resembles
rather a stress-induced martensite phase; however, there is no
indication of any phase transition seen on the stress strain curve
(Fig. 2(a)). The relative volume change (Fig. 2(b)) exhibits some in-
flection at approximately —e33 = 1.8%, which we relate to magneto-
elastic effects, as commented above, but the stiffening of the soft
phonon modes is observed even below this level.

A possible explanation of this behavior may be sought in the
theoretical concept of the fcc — fct transition in Fe—Pd recently
proposed by Xiao et al. [16]. According to this concept, the large,

1 For the Ni—Ti—based alloys, however, the soft shear structure is different; the
softest phonons are those related to (111) elongations, and their softening is un-
derstood as precursor for the transition into the R— phase [25].
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non-hysteretic elastic-like strains observed for this alloy above the
transition temperature can be interpreted as continuous transitions
between the cubic and tetragonal phases, or, more precisely as a
behavior of a material above the critical point for the stress induces
fcc — fct transition, where the stress-induced fct martensite and
the elastically stressed fcc austenite are indistinguishable from each
other. The disappearance of anomalously soft phonon branches
after the transition into the martensite phase has been reported for
both Cu—Al—Ni and Cu—Zn—Al SMAs [11,26]; from this point of
view, if the prestressed austenite phase of Fe—Pd can be interpreted
as a stress-induced tetragonal phase, it should indeed exhibit
phonon stiffening, as we observe experimentally. Furthermore, this
interpretation is also consistent with the nearly perfect volume
conservation observed of the sample under up to >4 % of axial
strain, which cannot be expected for conventional elastic straining.
Anyway, the continuous stiffening of all soft phonon branches un-
der prestress in the parent phase is a phenomenon observed for the
first time here for any SMA, and it is plausible that a further
experimental and theoretical analysis of this effect would
contribute to better understanding to the martensitic transition
mechanisms in Fe—Pd.

6. Conclusions

We have shown that the elastic anisotropy and the low-frequency
limit of the soft-phonon structure in a Fe—Pd single crystal signifi-
cantly evolves under mechanical stress applied in the principal di-
rection. Despite of the pronounced change of the elastic coefficients,
the Young's modulus in the loading direction remains approximately
constant; for this reason the stress-strain curve is linear up to large
(>4%) axial strains. The observed evolution of the elastic constants is
qualitatively different from the commonly observed non-linear
elastic behavior of the high-temperature cubic phases of SMAs,
since the soft phonon modes stiffen instead of softening. This in-
dicates that the observed evolution cannot be interpreted as a
precursor-like loss of stability of the cubic phase (reported for other
SMAs [7,8]), instead, a dynamic stabilization of the lattice by tetra-
gonalization (shearing along the Bain path) is observed. Neverthe-
less, the resulting stressed material has enormously strong elastic
anisotropy, with the anisotropy factor of A = 52. This makes the
stressed state of Fe—Pd austenite different from the martensite
phases of other SMAs, for which the elastic anisotropy is usually
weaker than for the corresponding austenite phases [11,26].
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1. Introduction

Single crystals of shape memory alloys (SMAs) both in the high-
temperature phase (austenite) and in the low-temperature phase
(martensite) are known to exhibit very strong elastic anisotropy
[1-3]. This anisotropy is even enhanced in the vicinity of the
transition temperature, where the crystal lattice is unstable due to
phonon softening [4,5]. For polycrystalline aggregates, however,
the random orientation of the crystallites leads to isotropization of
the homogenized macroscopic elastic constants, and the strong
anisotropy at the level of individual grains does not show off at the
macro-scale, especially if no strong crystallographic texture is
present in the material. For this reason, most of the continuum-
level constitutive models of polycrystalline SMAs consider these
materials as elastically isotropic, both in the parent phase and in
martensite [6—8].

In this paper, we show experimentally that the macroscopic
elastic moduli of polycrystalline SMAs can be strongly anisotropic

* Corresponding author.
E-mail address: hseiner@it.cas.cz (H. Seiner).

http://dx.doi.org/10.1016/j.actamat.2016.10.024
1359-6454/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

particularly in the martensite phase and, moreover, that this
anisotropy depends on the strain state and the loading history. It is
generally known that the microstructure of polycrystalline SMAs
evolves under mechanical loading: those variants of martensite
inside the individual grains that are oriented favorable to the
applied stress grow at the expense of the others [16—18]. This
process is generally called the reorientation of martensite, and is
macroscopically observable as an irreversible deformation of the
material, sometimes called pseudoplastic deformation. In the pseu-
doplastically strained material, the randomness of the crystallite
orientations in the polycrystal is suppressed, and the macroscale
elastic constants are dominantly given by micro-scale elastic con-
stants of the preferred variants of martensite.

In general, the macroscale elastic constants of polycrystalline
shape memory alloys c; can depend on four different parameters:

1. the single crystal elastic coefficients Cj; of the individual phases,
in particular of austenite, martensite, and possibly additional
metastable and intermediate phases; these micro-scale elastic
constants can be strongly dependent on temperature.

2. the volume fractions of the individual phases present in the
polycrystalline aggregate.



M. Thomasova et al. / Acta Materialia 123 (2017) 146—156 147

3. the parent crystallographic texture of the high temperature
austenite phase that can be induced by extrusion, drawing,
rolling or other mechanical processing; some additional effect
can be also attributed to the spatial arrangement of the grain
boundaries, characteristic aspect ratios of the grains, etc..

4. the martensitic microstructure, i.e. the spatial arrangement of
different variants of the low temperature phase, the volume
fractions of these variants, and the spatial arrangements of the
twin interfaces between them.

In this paper we focus on the case when the first three param-
eters are fixed. In other words, we examine samples with some
given parent texture, being fully (or dominantly) in the martensite
phase and at a fixed temperature, so that the single-crystalline
elastic constants Cjj can be assumed as constant. Under these con-
ditions, we use external mechanical loads to change the fourth
parameter, i.e. the microstructure of martensite, and observe its
effect on the macro-scale elastic constants ;. In principle, with the
knowledge of all four above listed parameters, the macro-scale
elastic constants can be predicted by homogenizing numerical al-
gorithms [19,20]; however, the modern ultrasonic methods, such as
resonant ultrasound spectroscopy (RUS, [35—37]) used in this work,
enable direct experimental determination of all independent
components of the tensor .

In strong contrast to the relatively large variation of elastic
constants ¢;j during thermomechanical loading of NiTi polycrystals,
these phenomena are largely neglected in both the experimental
and the modelling literature. This is a serious drawback since the
macroscopic elastic moduli belong to the essential parameters for
designing mechanical applications. The reason is the lack of reliable
experimental evidence on the macroscopic elastic moduli and their
reversible changes during thermomechanical loads, which is the
gap this paper aims to fill. Qui et al. [9] used in-situ neutron
diffraction to study elastic response of polycrystalline B19
martensite of NiTi, with the main aim to compare the experimen-
tally observed behavior with predictions of a complex numerical
model, using for the individual martensite variants the elastic
constants calculated by ab initio calculations [10]. The same
approach was applied by Stebner et al. [11,12], who, in addition,
used the experimental data for determination of some of the
monoclinic elastic constants of a single variant of B19’, and proved
the necessity of elastic-inelastic strain partitioning for full expla-
nation of the macroscale behavior. However, the macroscale elastic
anisotropy of the polycrystalline aggregates was not experimen-
tally analyzed in any of these papers. This issue was partially
addressed by Wang and Sehitoglu [13], who showed by first prin-
ciples calculations that the elastic constants of twinned martensite
can be significantly different from those of single variants and
pointed out that the evolution of these constants with the reor-
ientation process must be taken into account. Sittner et al. [14]
explained why the experimentally measured Young's modulus of
strongly [111]-textured thin NiTi wires loaded in tension into fully
martensitic state is always relatively low — lower than 50 GPa,
while the Young's modulus of the same material loaded into
martensite by compression can be up to two times higher [14,15].
The explanation is based on the combination of elastic anisotropy,
austenite drawing texture, and different martensite variant selec-
tion under tensile and compressive stresses.

In numerical constitutive modelling of polycrystalline SMAs, the
anisotropy in behaviours is mostly understood as related only to
maximum attainable (macroscopic) strains of martensite and its
asymmetry with respect to tensile/compressive loadings. These
effects were intensively investigated and documented in textured
SMAs of various composition in the last two decades, e.g.
Refs. [21—23], and became standard features of many constitutive

models [24—27]. For instance, the possibilities to cover tension/
compression asymmetry in SMA polycrystals via an enhanced
transformation yield surface were pioneered by Qidwai and
Lagoudas [28]; Sadjadpour and Bhattacharya [29] modified the set
of effective transformation strains so that the transverse isotropy of
transformation strain may be easily captured. A very similar
approach employing a specific function of tensor invariants was
also used in Refs. [30,31]; the latter of these models was recently
extended by empirical assumptions of elastic anisotropy of
martensite [32] and its evolution with reorientation. One of the
aims of this paper is to bring sufficiently detailed and complete
experimental data for further improvements of this or similar
constitutive models.

2. Materials and methods
2.1. Examined materials and sample preparation

Two different polycrystalline SMAs were used for the reported
study: NiTi (a commercially available extruded rod, nominal
composition Ni50.5—49.5Ti (at.%)) and NiTiCu (a rod fabricated by
rotary forging at Technical University Ostrava, nominal composi-
tion Ni40-Ti50-Cul0 (at.%), see Ref. [33] for details on the
manufacturing). The transition temperatures of these two alloys
were determined by differential scanning calorimetry (DSC); in
particular, the martensite start temperature (Ms), the martensite
finish temperature (Mg), the austenite start temperature (As), and
the austenite finish temperature (Ar) were identified as given in
Table 1.

To set the materials into a known, well-defined configuration
(used then as a reference state for the ultrasonic measurements),
both alloys have been heated up to 95 °C, cooled down to —25 °C,
and then slowly heated up to room temperature (RT, 22 °C). Ac-
cording to the DSC results, both alloys were in the martensite phase
in this state, which was also confirmed by X-ray diffraction. The X~
ray measurements were done using a diffractometer X'Pert Pro
PANalytical equipped with a cobalt anode (A = 0.178 901 nm). The
semi-focusing Bragg-Brentano geometry was used. The diffraction
data were evaluated by Rietveld analysis [34] in program Topas. The
results for the reference state are shown in Fig. 1. The dominant
structure in the NiTi alloy (Fig. 1(a)) was identified as the mono-
clinic B19’ martensite; however, additional strong diffraction peaks
indicating a significant volume fraction (~30%) of residual austenite
or a mixture of austenite and the R-phase, as these two phases were
impossible to distinguish from the 20 scans. The structure of the
NiTiCu alloy (Fig. 1(b)) was identified as orthorhombic B19
martensite with some traces of the parent phase as well, but of a
negligible volume fraction (less than 5% according to the Rietveld
analysis).

From each alloy, a small cuboidal sample was cut such that one
edge of the sample was parallel to the axis of the rod, along which
the processing texture was expected. One of the faces parallel to
this axis was mirror polished to enable measurements of elastic
constants by laser-based ultrasonic methods (as described in
Subsection 2.3). Hereafter, the direction perpendicular to the

Table 1
Transition temperatures determined for the studied materials by differential scan-
ning calorimetry.

Ms [°C] Mg [°C] As [°C] Ar[°C]
NiTi 39.0 24.7 51.5 70.9
NiTiCu 273 13.0 28.7 40.0
Accuracy +1.0 +1.0 +1.0 +1.0
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Fig. 1. X-ray diffraction 26 scans for the examined samples with the locations of the expected dominant peaks for the parent phase (B2) and the martensite phases (B19 and B19')
indexed by arrows: (a) the NiTi alloy, the curve labeled ‘(reference)’ corresponds to the initial reference state, the curve labeled ‘(1st cycle)’ corresponds to the material after the first

loading cycle; (b) the NiTiCu alloy in the initial reference state.

polished surface will be denoted as A, the processing direction (the
direction parallel to the axis of the rod) will be denoted as B and the
third direction perpendicular to A and B will be denoted as C. The
dimensions of the samples are listed in the first row of Table 2.

2.2. Experimental methodology

The elastic constants of each sample were determined in the
initial reference state (obtained by a 95 °C — —25 °C — RT thermal
cycle), and then at RT in a sequence of pseudoplastically deformed
stress-free states. The pseudoplastic deformation was induced by
uniaxial compressions performed in a TiraTest 2300 testing ma-
chine (force resolution 0.1 N, displacement resolution 1 pm using
LVDT gauging sensors). The compressions were applied to maximal
loads of —400 MPa for the NiTi sample and —300 MPa for the
NiTiCu sample. As it will be shown in Section 3.2, these maximal
loads were above the plateau stress for martensite reorientation in
compression, i.e. each of the loading cycles induced a reorientation
of martensitic variant that remained as a permanent pseudoplastic

Table 2

strain after unloading.

The following sequence was used (see Fig. 2): Firstly, the sample
was compressed along the direction of the axis of the initial rod (B).
This first compression was expected not to break the rotational
symmetry of the properties of the material with respect to the axial
direction. Secondly, the compression was applied in direction C,
which resulted in a more general strain state of the material, not
following the initial symmetry of the rod. Afterwards, the sequence
continued by repeating altering compressions along directions B
and C, so that the polished surface perpendicular to the direction A
remained untouched as necessary for repeated measurements of
the elastic constants. Five subsequent compressions (i.e. B-C-B-C-B)
were applied for each sample. Between each two compressions,
dimensions of the sample were measured by a digital micrometer
and the full tensors of elastic constants were determined by ul-
trasonic methods, as described in the next subsection. During the
whole procedure, including sample manipulation and determina-
tion of sample dimensions, the sample was held at constant tem-
perature (RT + 1 °C), the ultrasonic measurements themselves were

Dimensions of the NiTi and NiTiCu samples in the initial reference state (N = 0) and after application on N loading cycles, and the volume of the sample calculated as
V =ds x dp x dc. The capital letter in parentheses for each N denote the direction along which the compression was applied in the N—th loading cycle.

NiTi NiTiCu

ds [mm] dg [mm] dc [mm)] V [mm?] ds [mm] dg [mm] dc [mm] V [mm?]
N=0 3.925 3.946 3.918 60.68 2.397 3.936 3.408 32.15
N =1(B) 3.987 3.824 3.982 60.71 2.415 3.877 3.430 32.12
N=2(C) 4.100 3.886 3.821 60.88 2.453 3.902 3.355 32.11
N =3 (B) 4.109 3.827 3.864 60.76 2.448 3.878 3.377 32.06
N=14(C) 4119 3.866 3.825 60.91 2.458 3.897 3.355 32.13
N =5 (B) 4124 3.838 3.850 60.94 2.452 3.885 3.372 32.12
Accuracy +0.005 +0.005 +0.005 +0.24 +0.005 +0.005 +0.005 +0.16
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Fig. 2. Outline of the applied experimental procedure: After determination of the elastic constants of thermally induced martensite (the reference state), the sample was pseu-
doplastically strained by applying uniaxial compressions subsequently in directions C and B; in each stress-free state, the elastic constants were determined. See the text for more

details.

performed in a temperature chamber with a +0.05 °C accuracy.

The chosen sequence of loadings (uniaxial compressions) did
not violate the mirror-symmetry of the material with respect to the
planes parallel to the faces of the sample, i.e. all achieved pseudo-
plastic strains states were assumed as describable by a diagonal
strain tensor

ea 0 O
e=|0 e O (1)
0 0 EC

with only three non-zero components. Hereafter, we will use the
denotation &9 ; - for total strains with respect to the initial refer-
ence state (¢) = 3 = 2 = 0 at the beginning of the first loading
cycle), and the denotation e g ¢ for actual strains in one particular
loading cycle, i.e. strains with respect to the starting state in this
loading cycle (ea = eg = ec = 0 at the beginning of each cycle).

2.3. Ultrasonic measurements

2.3.1. Determination of elastic constants

The elastic constants in the initial temperature-induced state as
well as after individual subsequent steps of the loading procedure
were measured by resonant ultrasound spectroscopy (RUS,
[35—37]). This method is suitable for determination of all inde-
pendent elastic constants of an anisotropic material available in a
form of a small sample of a simple, well-defined shape. The RUS
method is based on recording a spectrum of free elastic vibrations
of such a sample; the spectrum is then processed by a numerical
software in order to determine inversely the elastic constants of the
material.

For the measurements reported in this work, the fully non-
contact RUS apparatus described in detail in Ref. [37] and the nu-
merical inverse procedure (described ibid) were used. In this non-
contact arrangement, the elastic vibrations are both generated
and detected by lasers, which enables the measurements to be
performed in an low-pressure chamber with accurately controlled
temperature. In addition, the detection of the vibrations by a laser
interferometer allows also for the determination of the modal
vibrational shapes corresponding to individual resonant fre-
quencies of the sample. This additional information can be ad-
vantageously included in the numerical procedure and significantly
improves its robustness and reliability [38]. The RUS measurements
were, for each state of the material, complemented by pulse-echo
measurements, i.e. by measurements of velocity of longitudinal
ultrasonic waves in directions perpendicular to the faces of the

samples. As also shown in Ref. [37], the use of additional pulse-echo
data compensates the low sensitivity of the RUS method to some of
the elastic constants, and is necessary for determination of all
sought elastic constants with sufficient accuracy.

For each sample and for each pseudoplastically strained state,
the RUS method was applied to determine a full tensor of elastic
constants for the assumed symmetry class. In the initial
temperature-induced state and after the first compression along
the B direction, the material was assumed as rotationally invariant
with respect to this direction. Hence, the material was expected to
exhibit transversal isotropy with the anisotropy axis oriented along
the B-direction and with five independent elastic constants. After
the second compression (along the C-direction perpendicular to B),
however, the rotational symmetry was lost and the full ortho-
rhombic tensor was assumed.

In particular, for the Cartesian coordinate system oriented so
that the triplet (x;, X2, X3) was aligned with the directions (A, B, C),
the materials in the initial state and after the first compression
were assumed as having the elastic tensor rotationally invariant
with respect to the x; axis, i.e.

C11 C12 Ci13 0 0 0

Ci2 Cyp Ci2 0 0 0

L C13 C12 (11 0 0 0
G=|0 0 0 cu 0 0| (2)

0 0 0 0 (C1] — C]3)/2 0

0 0 0 0 0 Cq4

while for the materials after the second loading cycle, ortho-
rhombic elastic anisotropy with nine independent elastic constants
C11, €22, €33, C44, C55, Cg6, €23, C13, and c12 was assumed. For all sam-
ples, the obtained RUS spectrum and the pulse-echo data were
sufficient for determination of all independent elastic coefficients
with accuracy better than +3 GPa (calculated by the sensitivity
analysis described in Ref. [37], see Section 3.3 for the experimental
errors in the individual coefficients), and the resonant frequencies
calculated for the resulting set of elastic constants matched the
experimental spectra with accuracy better than 1%. This confirms
that the chosen symmetry classes (transversely isotropic and
orthorhombic) indeed described well the macro-scale behaviors of
the materials. It was also observed from the experimental data that
the modal shapes of all measured vibrational resonant modes were
mirror-symmetric with respect to the mid-planes parallel to the
faces of the sample. This can be understood as an independent
confirmation that this symmetry is followed also by the material of
the sample.

For a more straightforward interpretation of the results, the
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tensors c;; of the elastic constants for each material and in each
pseudoplastically deformed state was recalculated into Young's
moduli along the directions A, B, and C, i.e. along the edges of the
sample. Such Young's moduli can be calculated for each set of
elastic constants as E4 = sy, Eg = 557 and Ec = s3], where s;; is the
inverse matrix to the matrix c;. These Young's moduli are used for
visualization of the results in Section 3.3.

2.3.2. Verification of transition temperatures

In addition to the measurements of the elastic constants, the
RUS method was also used to detect the transition temperatures of
the examined materials. This measurement was done in order to
confirm that the reference state is below the austenite start As
temperature, as assumed from the DSC data, and to determine
whether the elastic behavior in this reference state is already
affected by phonon softening expected due to the vicinity of this
temperature. The transition temperatures were detected from
temperature evolution of the elastic constants, assuming that the
transition temperatures correspond to abrupt changes of the slopes
dc;;/dT[39—41]. In particular, the temperature evolution of Young's
modulus in the A-direction E4 was analyzed, as this modulus was
well determinable from the RUS data in the whole studied tem-
perature range.

The RUS measurements for detection of the transition temper-
atures were taken before the loading sequence. The measurements
were done in a 95 °C — —25 °C — 95 °C cycle, i.e. starting and
ending in the austenite phase and covering the whole transition
sequence according to the DSC results. In addition, at the end of the
thermal cycle, the elastic constants of each sample in the austenite
phase at 95 °C were determined, again using a combination of RUS
and pulse-echo measurements. Afterwards, the samples were set
into the reference state by the above described
95 °C — —25°C — RT thermal cycle.

3. Results and discussion
3.1. Transition temperatures

The evolution of Young's modulus E4 of both the NiTi and the
NiTiCu samples with temperature cycles is shown in Fig. 3. It is seen
that indeed the chosen temperature cycle covered fully the tran-
sitions from the high temperature phase to the studied low tem-
perature phases. The points of maximal change of the slope
(outlined by intersections of the linear trends in Fig. 3) are in
approximate agreement with the DSC results, although some shift
between these two temperature sets can be observed. This shift is
given by the fact that the RUS and DSC methods are differently
sensitive to the changes of volume fractions of the phases in the
material. As shown by Nejezchelbova et al. [42], the RUS method is
able to reliably detect phase transitions in volume fractions smaller
than 1%, which is at the resolution limit of DSC.

For the NiTi sample, the RUS data reveal that the transition from
austenite to martensite is preceded by formation of the R-phase,
which was not detected by the DSC measurements. The R-phase
start temperature (Rs) is accompanied by a significant drop in
Young's modulus, that is, however, overwritten by a steep increase
upon further cooling starting from Ms, as the material transforms to
B19’ martensite. In the heating run, the transition to the R-phase is
absent, and direct transition between B19’ and the austenite is
observed in a relatively narrow temperature interval. This behavior
of the macroscale elastic modulus is very typical for polycrystalline
NiTi, and was observed for both bulk polycrystals [43] and nano-
crystalline sputtered NiTi films [44].

For the NiTiCu alloy, no evidence of the R-phase or any other
intermediate phase is observed. Upon cooling, the elastic response
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Fig. 3. Evolution of the Young's modulus along the direction A for the NiTi and NiTiCu
samples with a thermal cycle. The dashed lines indicate the linear trends in selected
segments of the curves, and their intersections give approximate locations of the
transition temperatures (cf. Table 1). The larger marker denotes the reference state
used as a starting point for ultrasonic measurements.

of the austenite phase continuously softens and this softening
rapidly accelerates close to the transition temperatures. After the
transition, on the contrary, the stiffening of the B19 martensite
upon further cooling is very small. Let us point out, however, that
the relative change in E4 for the NiTiCu alloy corresponding to the
austenite — B19 is even larger than the one corresponding to the
formation of the R-phase in NiTi, and is not compensated by further
cooling. In other words, the difference between the elastic modulus
of austenite and martensite phases in NiTiCu is significantly larger
than in NiTi.

As also seen in Fig. 3, the chosen reference point in the heating
run is for both alloys below the transition temperature As, albeit it is
very close to this temperature for the NiTiCu sample. Nevertheless,
by applications of the reorientation sequence, the As temperature
can be expected to shift upwards due to the stabilization of
martensite by detwinning|{45,46]. Hence, if there was any small
amount of the austenite phase nuclei (indicated by the X-ray mea-
surements) in the reference state due to the vicinity of the As tem-
perature, after the first pseudoplastic straining the material would
be transformed fully to martensite. Similarly, for the NiTi sample, for
which a significant amount of residual high-temperature phases in
the reference state was detected by the X-ray diffraction, the first
pseudoplastic straining can be expected to transform the material
fully to martensite. This assumption was fully confirmed by addi-
tional X-ray diffraction measurement done for the NiTi sample at RT
after the first loading cycle (see Fig. 1(a), the curve labeled as ‘(1st
cycle)'); the results proved that the sample after the first loading
cycle contained less than 5% of the residual phases, which is com-
parable to the resolution limit of the used method.
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Moreover, it is seen in Fig. 3 that there is no significant softening
in the elastic response neither of the NiTi sample, nor of the NiTiCu
sample close to the reference points, the Ex(T) curves at these
points follow the low-temperature linear trends for both materials.
In other words, the behavior of the materials in these reference
points can be understood as representative for the martensite
phase, regardless of the vicinity of the transition temperatures.

3.2. Stress-strain behaviors

Figs. 4 and 5 show the stress-strain curves recorded during the
reorientation sequence for the NiTi and NiTiCu samples, respec-
tively. In both cases, the first application of the uniaxial compres-
sion (along the direction denoted as B) induced a significant
pseudoplastic deformation (~3.5% strain for NiTi and ~1.5% strain
for NiTiCu), and the corresponding stress-strain curves have the
expected shapes with gradual plateaus, typical for polycrystalline
SMAs under compression [ 14]. The maximal pseudoplastic strain is,
however, achieved in the second loading cycle (~5% for NiTi and
~2.5% for NiTiCu), with even more clearly visible stress plateaus for
both alloys. This behavior is fully expectable: the first compression
along the B-direction induces such reorientation of the martensitic
variants that the sample expands in the A- and C-directions, and
thus the second loading cycle (along the C-direction) is applied
already to a material oriented unfavorably to the loading, and so
larger reorientation strains can be achieved.

Starting from the third repetition of the loading cycle, the ach-
ieved pseudoplastic strains are being reduced and the plateau-like
behavior disappears. Some indication of the plateau can be seen for
the 4th loading cycle for the NiTiCu alloy, although in this case
rather a gradual change of the stress-strain slope during the loading
run is observed.

This gradual suppressing of the reorientation can be explained
by the fact that the sample after the second loading cycle is already
significantly extended in the A-direction (which is not compressed
in the sequence), and the microstructure of martensitic variants is
mostly unaffected by further compressions along the B- and C-di-
rections. However, there is a difference observed between the be-
haviors of the NiTi and NiTiCu samples, most clearly visible from
the evolutions of the total strains of the samples (Figs. 4(f) and 5(f)).

(a) 1% loading cycle

(b) 2™ loading cycle

While the NiTi sample weakly but continuously expands along the
A-direction with the fourth and the fifth loading cycle, the A-
dimension of the NiTiCu sample rather oscillates with the loading
sequence. The corresponding evolutions of dimensions of the NiTi
and NiTiCu samples during the loading sequence is given in Table 2,
where for each sample at each stage also the volume is enumerated.
It is seen that all the induced pseudoplastic strains are, as expected,
of a purely deviatoric nature, as the volume of the sample varies
only within the range of the experimental error.

After completing the whole loading sequence, both samples
were subjected to the same thermal cycle as at the beginning, i.e.
95 °C — —25°C — RT, in order to analyze the reversibility of the
straining process. The dimensions after this thermal cycle were
compared to those in the initial reference state of each sample. It
was observed that both samples retained some irreversible part of
the strains. In particular, irreversible strains of e4 = 2.46%,
ep = —1.41%, and ec = —0.83% were determined for the NiTi sample,
and irreversible strains of ¢4 = 0.54%, eg = —0.24%, and ¢c = —0.14%
were determined for the NiTiCu sample. These irreversible parts of
strains may be attributed mainly to the plastic deformation
occurring during the loading sequence; some part of it, however,
may also follow from initiation of the two-wave memory effect, as
the dislocations and other defects induced to the samples during
the loading sequence may affect the formation of the thermally
induced martensitic microstructure. As expected, the results indi-
cate that the plastic slip in the NiTi sample is more pronounced
than in the NiTiCu sample. For the analysis of the elastic constants
given in the next subsection, it will not be distinguished between
those parts of the strain induced by reorientation and those related
to plastic slip; it is assumed that the dislocations do not affect
significantly the elastic constants, except of the fact that the mi-
crostructures forming in the sample during the loading cycle follow
from some interplay between the dislocations and the
reorientation.

3.3. Evolution of elastic constants during the sequence of
compressive loadings

Table 3 gives the elastic constants ¢; of the NiTi and NiTiCu
samples in the parent austenite phase (at 95 °C) and in the
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(a) 1% loading cycle

(b) 2" loading cycle

(c) 3" loading cycle
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Table 3

Elastic constants c;; of the NiTi and NiTiCu samples in the parent phase at 95 °C and the reference state (thermally induced martensite). The last column gives the resulting

anisotropy factor A.

c11 [GPa] C22 [GPa] Caq [GPa] ¢s5 [GPa] 23 [GPa] c13 [GPa] A[1]
Austenite at 95 °C
NiTi 186.7 184.7 241 26.0° 130.5 134.6 1.15
NiTiCu 182.1 187.7 233 27.0° 126.1 128.2 1.25
Martensite at RT
NiTi (B19') 1749 175.1 25.9 25.8% 124.8 123.2 1.02
NiTiCu (B19) 163.9 168.0 15.5 15.0° 132.0 133.8 1.12
Error +1.3 +14 +2.1 +0.7 +1.9 +2.4 +0.04

2 calculated as (¢17 — ¢13)/2.

reference state prior to the start of the loading sequence. In addi-
tion to the values of cj;, the generalized anisotropy factor A is given
for each material. The anisotropy factor measures the strength of
anisotropy of shear elastic properties of each material. For cubic
materials, the classical (non-generalized) anisotropy factor is
defined as A = 2c44/(c11 — €12); for lower symmetry classes, this
definition can be generalized as [47].

A= (max <U§hear) /min <U§hear> > ) (3)

where vge,; is @ set of shear (or quasi-shear) elastic waves propa-
gating in all possible directions in the material. Hence, the anisot-
ropy factor is calculated as a ratio between the maximal such
velocity and the minimal such velocity squared, which gives A = 1
for isotropic materials and A = 2c44/(c11 — €12) for cubic materials
with 2c44 > 11 — 1. For lower symmetry than cubic, the gener-
alized anisotropy factor given by relation (3) cannot be directly
expressed in terms of the elastic constants c;;.

For the austenite phases, both samples exhibit measurable
elastic anisotropy (A = 1.15 for NiTi and A = 1.25 for NiTiCu)
resulting from the texture induced by initial extrusion and rotary
forging, respectively. Let us point out that as the elastic anisotropy
of NiTi and NiTiCu austenite single crystals is relatively strong, and
so even weak crystallographic texture may induce pronounced
anisotropy of the macroscale elastic constants of the polycrystalline
aggregate. Upon cooling to thermally induced martensite, the

elastic anisotropy significantly reduces; this indicates that the for-
mation of the self-accommodated twinned structure in the refer-
ence state suppresses the effect of the texture.

The elastic constants listed in Table 3 also confirm the difference
between NiTi and NiTiCu samples observed already in Fig. 3. While
in the parent phase all elastic constants c;; are very similar for NiTi
and NiTiCu, those of the NiTiCu sample exhibit a much stronger
decrease upon the thermally induced transition into martensite. In
particular, all diagonal elastic constants (c1y, €22, C44 and css) for
NiTiCu are significantly lower than for NiTi, while the off-diagonal
constants (ci2 and cq3) are higher, which means that the shear
elastic stiffness of NiTiCu is lower in all directions.

Tables 4 and 5 summarize the evolutions of all independent
(orthorhombic) elastic coefficients in the NiTi and NiTiCu samples,
respectively, in the martensite phase with the reorientation se-
quences. In addition to the elastic constants and the anisotropy
factor A, also the bulk modulus K is given for each material and each
stage of the reorientation sequence. The bulk modulus K is deter-
mined as a parameter of proportionality between a hydrostatic
compression applied to the material and the elastic volume change
of the material. For polycrystalline aggregates this parameter can be
expected as approximately independent of the crystallographic
texture or the spatial arrangement of the microstructure, and thus,
the conservation of this parameter along the reorientation
sequence can be understood as an independent confirmation that
the obtained sets of elastic constants describe the same material
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Table 4

Elastic constants c;; of the NiTi sample and their evolution with the number of reorientations N. N = 0 denotes the reference state (thermally induced martensite). The last two

columns give the resulting anisotropy factor A and the bulk modulus K for each N.

c11 [GPa] c2 [GPa] c33 [GPa] casq [GPa] cs5 [GPa] ce6 [GPa] c3 [GPa] c13 [GPa] c12 [GPa] All] K [GPa]
N=0 174.9 175.1 — 259 25.8° — 1248 123.2 — 1.02 141.2
N=1 175.2 1934 — 36.9 27.1° — 126.8 1209 — 1.34 142.9
N=2 1734 187.8 189.1 36.9 28.2 309 120.1 1254 1175 1.32 141.5
N=3 173.5 198.0 186.4 36.4 28.5 339 1214 122.6 1241 1.28 143.3
N=4 173.1 192.3 189.4 36.4 30.2 329 1194 124.0 1209 1.28 142.3
N=5 174.1 197.1 187.6 389 28.7 329 1183 123.6 121.9 1.37 142.6
Error +1.3 +14 +1.4 +2.1 +0.7 +0.9 +19 +2.4 +2.6 +0.04 +2.4
@ calculated as (c11 — ¢13)/2.
Table 5
Elastic constants c; of the NiTiCu sample and their evolution with the number of reorientations N.
c11 [GPa] C22 [GPa] c33 [GPa] C44 [GPa] Css [GPa] ces [GPa] C23 [GPa] c13 [GPa] c12 [GPa] A[1] K [GPa]
N=0 163.9 168.0 - 15.5 15.0° — 132.0 133.8 — 1.12 143.5
N=1 161.0 173.0 — 16.6 13.0° — 127.6 1349 — 1.49 141.7
N=2 157.6 170.6 164.8 20.6 12.9 14.0 1225 131.9 132.7 1.74 140.7
N=3 157.7 174.4 164.3 21.8 124 13.9 1214 133.2 130.8 1.98 140.7
N=4 157.4 172.2 165.5 22.0 12.7 14.1 121.9 1311 1331 1.82 140.7
N=5 157.8 175.5 165.1 24.1 124 13.2 119.9 1334 129.7 2.02 140.4
Error +1.3 +1.3 +1.3 +0.6 +0.5 +1.1 +1.3 +1.5 +2.3 +0.04 +2.6

2 calculated as (c11 — ¢13)/2.

only with different arrangements of the martensitic variants. As
seen in Tables 4 and 5, the values of K for the martensite phases stay
constant (or vary within the respective experimental error) for both
examined materials. For NiTi, moreover, the average value of K for
N =0,...,5, which is K = 142.3 GPa, is in a perfect agreement with
K = 142 GPa predicted for B19' martensite by ab initio calculations
by Wagner and Windl [10].

It is further observed that with the application of the loading
cycles, the anisotropy factors A of the NiTi and NiTiCu samples show
slightly different behaviors. For NiTi, the anisotropy factor increases
after the first loading cycle to 1.34, and then stays within the range
1.28—1.37. For NiTiCu, the increase in the strength of anisotropy of
the material is more pronounced. The first loading cycle induces the
increase in A to 1.49, but with further repetition of the reorientation
sequence A increases up to A = 2.02, which is nearly comparable to
the strength of anisotropy of nickel single crystals [49].
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Fig. 6. Young's moduli evolution of the NiTi sample with the reorientation sequence.
The orientations of the applied loads within the sequence are outlined in the upper
part of the plot area.

In Figs. 6 and 7, the evolutions of the elastic constants with the
reorientation sequences are visualized by plots of Young's moduli
in the principal directions of the sample. It is clearly seen that these
moduli evolve from approximately isotropic to significantly
anisotropic.

For the NiTi sample, the first loading cycle induces a pronounced
increase in the direction of the applied loading (B), but also a slight
increase in the perpendicular directions. After the second loading
cycle, an increase is observed both in direction C (loading direction)
and the direction B. In other words, the reorientation processes
within these first two cycles lead to an increase of the Young's
moduli, especially in the loading directions; from
Ex = Eg = Ec = 70 GPa, the Young's moduli of the material change
to E4 = 75 GPa, Eg = 95 GPa and Ec = 85 GPa without any
detectable change of the bulk modulus K. With the third loading
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Fig. 7. Young's moduli evolution of the NiTiCu sample with the reorientation sequence.
The orientations of the applied loads within the sequence are outlined in the upper
part of the plot area.
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cycle as well as with the rest of the loading sequence, the Young's
moduli remain approximately constant. A slight decrease is
observed for the A-direction, while the moduli in the B- and C-di-
rections slightly increase.

For the first loading cycle, the allover increase in Young's moduli
can be explained by reduction of the volume fraction of the residual
austenite and R-phase; as mentioned in Section 3.1, it was
confirmed by X-ray measurements that this reduction takes place
during the first cycle. However, the continuation of this increase in
the rest of the loading sequence indicates that there is an additional
microstructural mechanism that enables elastic stiffening of the
material in the direction of the applied compressive stress without
inducing pronounced elastic softening in the perpendicular di-
rections. According the Sittner et al. [48], the direction of maximal
transformation strain eff,, for B19, ie. the direction of maximal
elongation of the lattice due to the austenite — martensite tran-
sition, is a direction corresponding to one of the {111}p lattice di-
rections in austenite (the subscript P denotes the parent phase). A
shown by ab initio calculations by Wagner and Windl [10], this is
also the direction of minimal Young's modulus of a B19’ martensite
single crystal. Hence, the results obtained here indicate that these
soft directions with ., are driven out from the B and C directions
by the applied loading cycles, but not reoriented into the directions
perpendicular to the loadings. It is obvious that a martensitic
variant with the !, strain oriented along the compression di-
rection can reorient only into variants with the e ., strains inclined
by approximately 7/6 from the plane perpendicular to the loading
direction, as the angle contained by two body diagonals (i.e. two
{111}p directions in austenite) is equal to 7/6. Thus the elastically
soft directions of the reoriented variants may not contribute that
much to the elasticity in directions perpendicular to the loading
axis.

In summary, our results for NiTi are fully consistent with the
finding of Wang and Sehitoglu [13], that the thermally induced
microstructure of self-accommodated twins exhibits effectively
smaller Young's moduli than the oriented, detwinned martensites.
On the other hand, even though the NiTi sample in the direction A is
significantly extended (e4 ~ 5%), the Young's modulus E4 is incom-
parably larger that the Young's modulus of thin NiTi wire oriented
by tension reported by Sittner et al. in Ref. [14] (~40 GPa). However,
the experiments documented in Ref. [14] were done on wires with
probably much stronger [111]-texture than one in the examined
NiTi sample; moreover, these results were obtained in the
superelastic regime, i.e. above the Ar temperature. As seen in Fig. 3,
the elastic modulus of the martensite significantly decreases with
increasing temperature, and so it is plausible that the stress-
induced martensite in the superelastic regime may exhibit some-
how lower elastic moduli than the thermally induced one. Never-
theless, Sittner et al. [14] determined the Young's modulus of the
wire at only approximately 20 °C above the Af, but extrapolating the
linear trend of dE/dT for NiTi martensite in Fig. 3(b) to Ar + 20 °C
still gives an estimate of more than 50 GPa. Hence, there must be an
additional reason for the discrepancy between our results and [14].
Either the dE/dT slope becomes more steep at elevated tempera-
tures, or there is some microstructural difference or difference in
mechanical properties between the thermally induced and stress
induced B19’ martensites in NiTi. To analyze in more details the low
elastic modulus of stress-induced martensite, measurements of
elastic anisotropy under external prestress would be necessary. The
RUS method used in this paper is, in principle, unsuitable for such
measurements, as it requires free elastic vibrations of the examined
sample; as shown recently by Seiner et al. [50] for the Fe-Pd
ferromagnetic shape memory alloy, such an issue can be success-
fully resolved by use of surface acoustic waves.

A somehow different picture is obtained for the NiTiCu sample.

The first loading cycle induces an increase in Young's modulus in
the loading direction (B), while the Young's moduli in the
perpendicular directions decrease. With the second loading cycle
(direction C), the Young's modulus in the loading direction in-
creases again, but E4 and Eg decrease. With further repetition of the
loading cycles the value of E4 becomes constant, but the Young's
moduli in the loading directions B and C oscillate, without showing
any tendency to reach a saturated state as observed for the NiTi
sample. To analyze this behavior, one additional repetition of the
loading sequence was applied to the NiTiCu sample (i.e. the sample
was compressed once more along the C-direction and then along
the B-direction), and the same oscillations of Ez and Ec were
observed.

The observed behavior of the NiTiCu sample probably follows
from the orthorhombic structure of B19 martensite. Unlike for the
monoclinic B19, the maximal transformation strain of an ortho-
rhombic martensite must be always aligned with one of the prin-
cipal directions, and so the reorientation of a B19 unit cell always
results in rotation of all elastic properties by 7/2. Consequently, if
some elastically soft directions of this unit cell are driven out from
the loading direction by reorientation, some softening must appear
in the perpendicular directions. Moreover, the orthorhombic B19
martensite can form only three types of twins, while monoclinic
B19’ can form up to five types of different twins [51], and so
probably the monoclinic martensite can more easily accommodate
in complex microstructures under the sequence of applied load-
ings. As a result, the NiTi sample may subsequently attain a
microstructure that is stable under loadings in both B- and C-di-
rections, while for the NiTiCu sample such a microstructure may
not exist. The tendency of the NiTiCu polycrystals not to form such
microstructures may follow also from the higher mobility (i.e.
lower twinning stress) for this alloy.

Regardless of the differences between the evolutions for NiTi
and NiTiCu, the relations between Young's moduli E4, Eg and Ec for
both materials after finishing the reorientation sequence is strik-
ingly similar. The maximal Young's modulus Ep is by approximately
30 GPa larger than the minimal Young's modulus E4, while the
value of Ec is approximately in between these two extremes.
Nevertheless, further analysis of the directional dependence of the
Young's modulus reveals additional differences between the
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Fig. 8. Directional dependences of Young's moduli of the NiTi and NiTiCu alloy in the
A-B plane, plotted for the thermally induced state (N = 0) and the maximally reor-
iented state (N = 5). The angle ¢ represents the rotation about the C-direction with ¢ =
0 corresponding the B-direction.
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behaviors of the studied alloys (Fig. 8). Young's modulus of the fully
reoriented NiTi sample exhibits approximately harmonic evolution
with the loading direction with well-defined minima along the A-
direction. For NiTiCu, sharp maxima appear along the B-direction,
while the minima are broad and flat and the minimum value of E is
attained not exactly for the A-direction (the difference is, however,
within the range of the experimental error, +3 GPa). The less
smooth character of the E(y) curve for the NiTiCu alloy agrees well
with the higher value of the anisotropy factor A for this material.

It can be thus concluded that the elastic anisotropy evolves quite
differently with the reorientation process in the two examined al-
loys; in other words, the character of this anisotropy is not deter-
mined by the loading procedure, which was the same for both
samples, but most probably by the particular microstructure of
martensitic variants in the polycrystalline aggregate. Again, the
higher number of possible martensitic variants and the higher
number of possible twinning systems in the NiTi alloy can be
responsible for the less anisotropic macroscale behavior of this
alloy compared with NiTiCu. Alternatively, this difference might be
explained by a stronger elastic anisotropy of the B19 unit cell, which
is, however, not supported by any available experimental data.
From the ab initio calculations by Windl and Wagner [10], the
elastic anisotropy of the B19 and B19’ unit cells seems to be
comparable.

The obtained full sets of elastic constants for the polycrystalline
NiTi and NiTiCu SMAs may be subjected to further theoretical
analysis. As a result of the used experimental methodology, these
sets of macroscopic elastic constants correspond to several
different pseudoplastically deformed states. When complemented
by structural analysis and determination of the orientation distri-
bution functions (ODFs) for the martensitic single variants for each
of these deformed states, the obtained data would enable inverse
calculation of the elastic constants of a single variant of martensite,
as done for example for w— titanium by Tane et al. [52].

4. Conclusions

The ultrasonic measurements presented in this work confirm
that polycrystalline shape memory alloys can exhibit significant
elastic anisotropy (anisotropy factors A ~ 1.5 for NiT and A ~ 2 for
NiTiCu) due to reorientation of martensitic variants, and that this
anisotropy depends of the pseudoplastic straining history of the
material. For both examined alloys, it was observed that Young's
modulus in the direction oriented along the applied loading
significantly increases when the reorientation is induced by uni-
axial compression. Young's moduli in perpendicular directions may
either also slightly increase (in the case of NiTi) or slightly decrease
(in the case of NiTiCu), probably depending on the particular
reoriented martensitic microstructure forming in the material and
on the crystal structure of martensite.

The obtained data are not sufficient yet for any reliable analysis
of general relations between the pseudoplastic strains and the
elastic constants of an SMA polycrystal. To map fully the space of
possible strains, imposing tensile and shear deformations onto the
materials would be necessary; however, our results indicate that
such relations must be particular for each alloy, as there are
observable qualitative differences between behaviors of the NiTi
and NiTiCu samples.

Full sets of macroscopic elastic constants for the polycrystalline
NiTi and NiTiCu SMAs in martensite state were experimentally
determined for various deformation states obtained by compres-
sion of prism shaped samples and loading histories. These results
may be potentially confronted with mechanics model predictions
of macroscopic moduli if weak austenite drawing texture of NiTi
sample is assumed.
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ABSTRACT ARTICLE HISTORY
We have studied several unfilled tetragonal tungsten-bronze crystals (SBN- Received 18 May 2018
35, CBN-28, CBN-30, CBN-32) by differential scanning calorimetry, Brillouin Accepted 9 July 2018
spectroscopy and piezoresponse-force microscopy. The Brillouin

backscattering configuration in the c-plates revealed the longitudinal A : .

c . . coustic phonons; tetragonal
acoustic phonon, which has a frequency near 50 GHz and displays tungsten-bronzes;
softening when approaching the phase transition in all crystals. The piezoresponse-force
ferroelectric domain structure and the domain size are dependent on microscopy; ferroelectric
the Sr/Ba or Ca/Ba ratios, and on the occupation rate in the channels as domains
shown by the piezoresponse-force microscopy images. A splitting of the
longitudinal acoustic phonon was found in SBN-35 in the multidomain
sample, but poling of the crystal removed this splitting and just left the
phonon with higher frequency.

KEYWORDS

1. Introduction

Tetragonal tungsten-bronzes (TTBs) with the general chemical formula (A1),(A2)4(C)4(B)10030
conform a whole structural family with versatile properties caused by cationic substitution in the
crystallographic sites. The structure is formed by a network of interconnected BOg octahedra form-
ing three types of channels along the ¢ axis: squared (Al site), pentagonal (A2 site) and triangular
ones (C site). Different cations can occupy Al, A2, B and C sites, which provide the structure
with versatile properties. We have focused on niobium based unfilled TTBs with the formulae
(Sr,Ba;_,)sNb;,03¢ (SBN-100x) and (Ca,Ba;_,)sNb;,O39 (CBN-100x). Ca and Sr atoms share the
squared and pentagonal channels, Ba is located only in pentagonal channels and triangular ones
remain empty. In their structure, only five out of six available A-sites are occupied. Thus, the
empty A-sites, being random, create an inherent disorder in the structure. Dielectric properties,
mainly T¢ and the maximum value of permittivity, change according to the amount of Sr or Ca
present in the structure [1,2], and besides, SBN crystals show a perfect tuning between ferroelectric
and relaxor behaviour.

Regarding the acoustic and elastic properties of these crystals, several studies have already been
conducted in SBN, but mainly in the compositions displaying relaxor behaviour. In SBN-61 the
Brillouin scattering in several geometries was already studied, showing the frequency of longitudi-
nal and transverse acoustic modes [3]. Later, it was shown that an electric field applied during the
measurements of the Brillouin spectra increased substantially the frequency of the longitudinal
acoustic (LA) mode showing an intermediate region with two peaks [4]. The lower frequency
peak was related to the LA mode travelling along polar nano regions (PNRs) in this relaxor
sample, and the high frequency one to the LA mode of the poled crystal. In ferroelectric

CONTACT E. Buixaderas ) buixader@fzu.cz
© 2018 Informa UK Limited, trading as Taylor & Francis Group
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SBN-40 [5] the effect of the field on the Brillouin spectra was also increasing the frequency of the
LA mode. In this crystal, the effect of the coexistence of two LA peaks was attributed to the exist-
ence of nano and macro domains, and the evolution from the nanodomain state to the macro- or
single domain state by the application of the electric field, similarly to SBN-61. The Brillouin
scattering of CBN was also studied [6,7]. The LA mode was found to have similar frequencies
to those in SBN and it softens towards Tc. The same field-effect on the LA frequency on heating
and cooling was found for CBN-30 [8].

The purpose of this study is to investigate the phase transitions of several ferroelectric TTB
crystals with different techniques (calorimetry, Brillouin spectroscopy, piezo-force microscopy)
and compare the behaviour of the LA modes in a wide temperature range (~200-570 K) on heat-
ing and cooling, also in relation to the distribution of the ferroelectric domains and poling of the
crystals.

2. Experimental details

Crystals were grown by the Czochralski method, as explained elsewhere [1]. From the transparent
bulk crystals, samples were cut in the form of plates (about 4.5 x 4.5 x 0.8 mm®) with the polar
axis perpendicular to the surface, i.e. c-plates. The structure of a TTB crystal in the ferroelectric
phase is depicted in Figure 1, where the unit cell is marked by red lines. Grey coloured octahedra
contain Nb atoms in special positions, and green octahedra correspond to octahedra containing
Nb in general positions. Multi-occupation in the channels and atomic disorder is marked by the
presence of several atoms in the same site.

Differential scanning calorimetry (DSC) was carried out with a PerkinElmer DSC 8000 differen-
tial scanning calorimeter. The samples were heated from room temperature to at least 500 K at a rate
of 5 K/min for SBN and 10 K/min for CBN, and cooled at the same rate after holding at the highest
temperature for one minute. The calorimetric sample holder was purged by nitrogen at 20 ml/min.
PerkinElmer Pyris 13.1 software was used for control and evaluation. Three measurements of the
same crystals were performed to check reproducibility.

Piezoresponse -force microscopy (PFM) studies were carried out using a Ntegra atomic force
microscope. The measurements were performed using a conductive n-doped Si cantilevers (HQ:
NSC35/Pt and TESP-V2) in a contact mode at room temperature. The frequency of the alternating

A1(Sr/Ca)”
A2(SriCa)" ¢

Figure 1. Tetragonal tungsten-bronze structure at room temperature.
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voltage was set to 25 and 34 kHz and the amplitude to 4 5 V. The vertical PFM signals were amplified
and analysed with an external SR830 DSP Lock-In Amplifier.

Brillouin scattering measurements were done with a tandem Fabry-Pérot interferometer TFP-2
HC in combination with a solid state single longitudinal mode laser source LCX-532S (wavelength
of 532 nm and power of 200 mW). The optical arrangement of this interferometer is a tandem
arrangement of two triple pass interferometers. A spatial filter separates the two interferometers
and, thus, eliminates any cross-talk between the first and last passes. The coupling between passes
is eliminated using quarter wave antireflection techniques. In this way, the transmission peaks
remain completely symmetrical. Because the multiple reflections between passes are totally elimi-
nated, a contrast of at least 1015 was achieved.

3. Results and discussion
3.1 Calorimetric results and piezoresponse-force microscopy

Three crystals were measured by DSC: SBN-35, CBN-28 and CBN-32. Figure 2 shows the normal-
ized calorimetric curves on heating and cooling at 5 K/min (SBN-35) and 10 K/min (CBN-28 and
CBN-32). After heating, the samples were held one minute at the maximum temperature and
then cooled down at the same rate. The ferroelectric phase transition is clearly seen in all crystals
and shows a small thermal hysteresis. The highest T corresponds to CBN-28. The calculated
enthalpy shows values near 0.4 J/g for the CBN crystals and 0.35 for SBN-35 (see Table 1), although
peaks for CBN crystals are wider than the one for SBN-35. This widening could be due to the quicker
heating/cooling rate for CBN, which allows different kinetics at the phase transition. But also it could
mean that CBN samples have a certain diffusive character, showing some traces of starting/develop-
ing relaxor behaviour. Due to the shape of the peaks, the phase transition can be considered of weak
first order.

The TTB crystals were checked by PEM to see the distribution of the ferroelectric domains. The
biggest domains are present in SBN-35, with sub-micron size, irregular distribution, and clear 180°
domain walls, as seen in Figure 3(a) (amplitude) and Figure 3(b) (phase). The grey and red colours in
the phase images correspond to domains with polarization oriented upwards and downwards,
respectively. CBN crystals show smaller domains with grainy-like texture, especially in CBN-32.
The domain size decreases with increasing Ca/Ba concentration and 180° domain walls become
more jagged in agreement with ref. [9].

0.20 — T T T T 1 T — T T T 1
heating heating o~
—— SBN-35 || CBN-28 ‘." 1025
L —— CBN-32 3 ’
‘TU)
=
2 0.15
= —40.20
© L
[0} o
2 ;
°
R
= cooling /|| ----- CBN-28
S SBN-35
= 0.10 | .
40.10
1 1 1 1

L L | L L L | L | L L L | L
300 350 400 450 500 350 400 450 500 550
Temperature (K) Temperature (K)

Figure 2. Calorimetric curves on heating and cooling for SBN and CBN crystals.
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Table 1. Obtained transition temperatures by Brillouin scattering and differential scanning calorimetry (together with the change
of enthalpy) on several TTB crystals.

TTB crystal Tc (Br) heating/cooling (K) Tc (DSC) heating/cooling (K) AH (J/g)
SBN-35 475/455 460/455 0.35
CBN-28 527/521 513/510 04
CBN-32 473/461 468/460 0.4

3.2 Brillouin scattering

Results of Brillouin scattering from all the crystals at room temperature in two runs (during the first
heating and the subsequent cooling) are shown in Figure 4. In the measured configuration (backward
scattering) on c-plates just longitudinal acoustic (LA) modes are shown. In all the crystals the fre-
quency of LA mode is about 50 GHz. However, in SBN-35, this mode is split, which is somehow
unusual, because there is just one LA mode allowed.

The Raman tensors of polar modes A; and E of the tetragonal group 4 mm are

Al(z) = > E(x,)’) =

S O
S Q8 O
SO O
a O O
Q O O
SN N

As the selection rules for the acoustic modes are the same as in Raman, in the c-plates (polar axis
along z direction) and in z(xx)z configuration only longitudinal A; modes are allowed; therefore
the mode detected by the Brillouin scattering is the longitudinal acoustic A;LA near 50 GHz. The
small feature seen at 32 GHz could be an artefact from the glass cover of the temperature chamber
or a weak leakage of the A;TA mode due to a non-perfect orientation of the crystal and polarizators.

In CBN samples, the spectra at room temperature taken on heating and on cooling are practically
the same, just in CBN-32 there is a small asymmetry of the peak. However, in SBN-35, the splitting is
evident. A similar effect was found in SBN-61 and CBN-30 with the application of an electric field
[4,8]. In Figure 4 we added the spectra of SBN-35 after poling, where the doubled peak has disap-
peared, although the position of the peak changes after the heating and subsequent cooling.

In Figure 5 we show the behaviour of the A;LA mode on heating and on cooling for CBN-28 and
CBN-32 crystals. The phase transition is seen by a change in the shift of the peak. The spectra in

CBN32

SBN35 CBN28 ___CBN30

g

Amplitude (arb. units)

Phase (°)

-100

Figure 3. Amplitude (first row) and phase (second row) images of vertical PFM signal measured on the (001) cut of SBN and CBN
crystals.
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SBN-35 poled

, SBN-35 M
CBN-28 M
Jﬂ““‘o ,._.JL_
20 40 60

Brillouin intensity (a.c.)

J E CBN-32
1 I T n |

-60 -40 -20 0
Frequency shift (GHz)

Figure 4. Brillouin scattering spectra at room temperature in c-plates, z(xx)z configuration. The solid and dashed lines correspond
to data measured during heating and cooling.

Figure 5 were fitted to a simple Lorentzian curve whose parameters - frequency vy and width
(FWHM) - are plotted in Figure 5(c,d) as a function of temperature. The softening of the A;LA
mode towards the phase transition is clear in both samples and the transition temperatures are
found to be well consistent with the calorimetric results (see Table 1). There is a thermal hysteresis
of several degrees in the value of T for the crystals, but the behaviour of vy is asymmetric for heating
and cooling in a wide temperature range below T (for more than 100°), evidenced also in the temp-
erature dependence of its width. This rather indicates ‘global thermal hysteresis’, as it was found in
SBN-61 [10] and in other incommensurate materials [11]. The velocity of propagation of A;LA, the
longitudinal sound waves in the c-plates, was calculated according to the formula vy, = Avp/2n,,
using the wavelength of the laser, A = 532 nm, and an approximate index of refraction of the extra-
ordinary ray for both samples n.=2.28 [12].

The strongest thermal hysteresis is present in SBN-35, where the difference in T on heating and
cooling is AT}, =20 K (see Figure 6 and Table 1), and the shape of the LA mode changes substan-
tially between heating and cooling Brillouin measurements.

To check the influence of the domain configuration on the Brillouin scattering of SBN-35 and find
out whether the doublet found in SBN-35 is related to the distribution or density of ferroelectric
domains, we poled the crystal and checked the Brillouin signal again. The sample was poled by
applying a voltage of 5 kV at 60°C for two weeks. Results of the Brillouin scattering measured of heat-
ing and on cooling before and after the poling of the crystal are shown in Figure 6, together with the
frequency of the A;LA mode and the associated sound velocity, using ne=2.31 [13].

Before the poling, the sample showed a double peak (the frequencies of the two maxima at room
temperature are vg;~51 and vp,~55 GHz). On heating up to T, the doublet persists, although the
higher frequency mode v, loses its strength and then disappears in the paraelectric phase, where just
one mode is present up to 573 K. On cooling from this temperature and passing through T again,
the two-mode state is recovered in the same fashion, the higher frequency one vg, is weaker. This
means that the domain state was essentially not changed.

After the poling of the crystal, the spectra showed just one peak, a little asymmetric, located at
vp2~55 GHz (see Figure 6(c)). This mode displays an important softening towards T¢ on heating
up to 573 K, and during the subsequent cooling, it again softened towards Tc. However, below
Tc, the frequency was different, and the mode hardened only to vg;~51 GHz. The change of behav-
iour with poling seems to suggest that the multidomain character of the crystal was responsible for
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Figure 5. A;LA modes of CBN-28 and CBN-32 on heating and cooling. Temperature dependences of the frequency and width
(FWHM) of the LA peak.

the double LA peak in Brillouin scattering. A simple explanation could be that the LA waves travel at
different speed along the domains and the domain walls.

The effect of the electric field in situ on the Brillouin signal of SBN-61, SBN-40 and CBN-30 was
already studied [4,5,8]. The electric field applied during the Brillouin experiment changes the inten-
sity of the LA mode and induces its shift to higher frequencies. This effect was related to the coex-
istence of ferroelectric macro domains and PNRs (for SBN-61) or nanodomains (in SBN-40 and
CBN-30). This seems to suggest, that the higher frequency Brillouin peak is related to the ferroelec-
tric bulk state in the crystal. This is in agreement with our measurements: after the poling of the crys-
tals, we also observed the LA mode at higher frequencies.

In SBN-35 there are no PNRs (this crystal shows an utmost ferroelectric behaviour). When the
crystal was poled, the sample was in almost single domain state and the volume fraction of the
domain walls was much smaller, therefore the high frequency peak vg,, related to the bulk, was
revealed. On the subsequent cooling we practically just found the low-frequency peak vg;. This
peak could, in principle, be related to the presence of either small ferroelectric domains or domain
walls. In order to solve this question we checked the state of the poled crystal at room temperature
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(c—d): after poling (single domain state); (e): temperature dependences of the frequency of the A;LA peak.

after the measurements (heating and cooling runs) by PFM technique and the sample still showed
the single domain state.

The fact that the split acoustic mode is seen in both relaxor and ferroelectric compounds (SBN-61
and SBN-35) means that the splitting cannot be related simply to the coexistence of different types of
domains and PRNSs; it rather suggests that the antiparallel domain boundaries clamp the electrome-
chanical contribution to the elasticity in the bulk. This effect calls for further investigation.

4, Conclusions

The behaviour of the longitudinal acoustic mode has been investigated in several TTB crystals (SBN-
35, CBN-28, CBN-30 and CBN-32) by Brillouin scattering in a wide temperature range (~200-
570 K) and in a backwards configuration in c-plates. The transition temperatures were compared
with those found by DSC, and PFM studies were performed at room temperature to check the dis-
tribution of the ferroelectric domains. Poling of SBN-35 shown that the domain arrangement of the
crystal has an influence on the Brillouin scattering and the frequency of the longitudinal acoustic
waves. The single domain state shows a longitudinal acoustic mode with higher frequency, whereas
in the multidomain crystal this mode coexists with another mode of lower frequency. The relation-
ship of this lower frequency mode with the high density of smaller domains or domain walls remains
still unclear.
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In the presented paper, a sample of polycrystalline shape-memory NiTi alloy is studied under compression up
to 5% by the means of laser-excited and laser-detected ultrasound waves. The evolution of a propagation velocity
of the surface acoustic wave is measured in situ during mechanical loading. An inverse method based on the
Ritz—Rayleigh numerical approach is then used to obtain the development of elastic properties of the sample. This
process enables an analysis of the evolution of stress-induced transformation from the austenitic to the martensitic
phase with the possibility to describe several stages of such transformation, i.e., the transformation to full R-phase,
its reorientation causing strong anisotropy of the polycrystalline sample, and consecutive gradual transition to
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1. Introduction

Elastic properties of single crystals of shape-memory
alloys (SMAs) are usually strongly anisotropic [1-3].
Near the transition temperature, the crystal lattice
is unstable due to phonon softening [4-6], which in-
creases the anisotropy even further. Laser-ultrasound
measurements, such as the resonant ultrasound spec-
troscopy (RUS) comprise a great tool to study the highly
anisotropic materials 7] and the temperature-dependent
behavior of materials [8]. Recently, Thomasova et al. [9]
presented an ez situ study of the strain-dependence of
elastic properties of martensitic structures in polycrys-
talline NiTi. It was shown in this work that the macro-
scopic moduli of polycrystalline SMAs can be strongly
anisotropic under certain circumstances — in this par-
ticular case after stress-induced reorientation of marten-
sitic structure by a uniaxial compression. It is known
that those variants of martensite inside the individual
grains oriented to the applied stress in an advantageous
way grow more than the others [10-12]. It is shown in
this study that the in situ measurement offers much more
detailed insight into the behavior of the material under
stress, with a potential to directly describe the ongoing
processes.

The elastic constants of a polycrystalline SMA de-
pend on single-crystal elastic coefficients of the individual

*corresponding author; e-mail: grabec@ujf.cas.cz

phases present in the aggregate, the volume fractions of
these phases, on the crystallographic texture of austenite,
the martensitic microstructure, and the mutual morphol-
ogy of austenite and martensite [9]. In this work, the de-
velopment of elastic properties and overall anisotropy of
a sample undergoing a compressional loading is studied.
The changes in the velocity of the Rayleigh waves dur-
ing the loading are observed by laser-based ultrasound
measurement. To obtain the changes in elasticity co-
efficients out of the SAW velocities, an inverse proce-
dure utilizing a Ritz—Rayleigh approach as the forward
method is presented. It is shown that the originally
almost-isotropic compound of R-phase and austenite is
transformed to full R-phase, which then reorients, and
thus induces strong anisotropy of the sample. During
the following loading, the sample undergoes a martensitic
phase-transformation. It can be observed from the pre-
sented results that the transformation is heterogeneous
on microscale. In the last phase of the loading, the stiff-
ening of martensitic phase can be seen, followed by re-
versible softening during the unloading, thus proving a
stress-dependence of elastic properties of the martensite.

2. Sample and experimental method

The studied sample was made from a commer-
cially available NiTi with the nominal composition of
50.5 at.%Ni and 49.5 at.%Ti. The sample size is
5 x 15 x 50 mm?, one surface of the sample was pol-
ished. At room temperature, the material is in a state
of austenite and R-phase. The transformation tempera-
tures can be found in [13].

(811)
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Fig. 1. Stress—strain curve obtained during the mea-

surement (note that the stress is compressional and cor-
respondingly the strain is negative) [14].

A mirror-polished face was used for measurement of
the velocity of surface acoustic waves (SAWs). For the
excitation, a Nd:YAG laser (1064 nm, 400 ps pulses) fo-
cused through a cylindrical lens in order to create a line
source was used. The emergent waves were detected by a
laser vibrometer (532 nm, cw). The sample was mounted
on a small in-house built testing machine (maximal load
5 kN). The testing machine can rotate in order to allow
the measurement of the SAW velocity in different direc-
tions with respect to the loading. The stress—strain curve
of the examined sample at room temperature is shown in
Fig. 1. The measurement was conducted in 16 differ-
ent distances between the excitation and detection spot
to obtain the SAW velocity in particular direction. This
measurement was made in 5 angles between the propagat-
ing wave and loading axis in over 50 strain stages during
loading. The resulting evolution of velocities in different
directions during the loading is shown in Fig. 2. More de-
tails about the experimental setup can be found in [14].

3. Inverse calculation of the elastic constants

The experimentally determined SAW velocities were
processed by numerical inverse procedure based on the
Ritz—Rayleigh approach introduced in [15]:

F (cij) = ZP (v (i) —05)”. (1)
The Ritz—Rayleigh approach offers a fast and robust for-
ward procedure capable of calculation of the velocity of
SAW propagating in any direction through a generally
anisotropic material with the elastic given. The approach
is based on Hamilton’s principle, according to which the
resonant frequencies and the corresponding modal shape
can be found as stationary points of a Lagrangian energy
of a harmonically vibrating body, i.e. a computational
domain with the constraints chosen in a way to suit the
problem solved. To find these stationary points, a dis-
cretization of the displacement field into the Legendre
polynomials is considered. The solution then contains

both bulk and surface resonances of the domain, which
can be easily distinguished, e.g. based on the modal
shape. The inverse procedure is then based on an it-
erative process of changing the initial set of elastic con-
stants. The set of corresponding SAW velocities obtained
from the forward procedure is then compared to the ex-
perimental value via the objective function where p goes
through all measured angles, and the superscripts exp
and cal denote the calculated and experimental velocity,
respectively. For the minimization of this function, a gra-
dient Levenberg—Marquardt method is used. The numer-
ical inverse procedure depicted briefly here was described
in more detail by Stoklasova et al. [15]. It was shown
that in addition to the spatial dispersion calculated in
this case, the method can be modified for calculations of
a frequency dispersion in a layered system [16].
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Fig. 2. Experimentally obtained SAW velocities in dif-
ferent angles with respect to strain.

The result of the inverse procedure is a set of elas-
tic constants minimizing the objective function. Con-
sidering the nature of the experiment, i.e. the initial
isotropy and uniaxial loading, the material is assumed to
adopt the transversely isotropic character. As such, it
exhibits hexagonal symmetry with 5 independent elastic
constants: c¢11, €33, €13, Ca4, and cgg. Considering the ge-
ometry of the experiment, the direction of the symmetry
is assumed to be aligned with z3 axis. This set was cal-
culated for each stress level. The error of this set can be
estimated by an error-analysis procedure described in de-
tail in Ref. [7]. However, given the informative character
of the results presented in this paper, the error is not cal-
culated here. The mass density taken for the calculations
was 6.45 g/cm3.

4. Results

Experimental stress—strain curve (Fig. 1) shows a char-
acter typical for memory alloys under compression [17].
It shows the initial almost-linear response, then the
plateau of martensitic transition between around 1.3%
and 3.5%, and then the following loading of marten-
site. The measured velocities of SAWs (Fig. 2) and cor-
responding shear elastic moduli (Fig. 3) document ar-
guably rather peculiar behavior of the material during
this compression test.
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In the initial phase of loading up to the start of the
martensitic phase transition above 1.3%, a surprisingly
strong anisotropy of the sample arises. With a maximum
at the beginning of the phase transition, the anisotropy
peaks a ratio of 1.35 between the shear elastic moduli.
This is believed to be caused by the induction of the
reorientation of the trigonal R-phase, and it was checked
that this process is fully reversible and can be observed
only during in situ measurement under applied stress.

The second part shows the development of elastic con-
stants during the stress-induced martensitic phase trans-
formation. The material stiffens in all directions, as the
elastic constants of martensite are higher than the ones of
R-phase. However, there is an interesting observation in
the character of the progress — whereas c44 increases lin-
early, the cgg-evolution shows a certain curvature. From
this fact, it can be assumed that whereas on a macro-
scopic level, the martensitic transition in compression
proceeds homogeneously, it is heterogeneous on the level
of microstructure. The data obtained by SAWs are unfor-
tunately insufficient to obtain a full understanding of the
heterogeneity and the process itself, as they mostly carry
the information about the shear behavior, and thus must
be accompanied by supplement measurements of the lon-
gitudinal wave.
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Fig. 3. Resulting shear elastic moduli obtained by the

inverse procedure.

The third and last part of the stress—strain curve
shows the final loading of a dominantly martensitic sam-
ple. It was observed that the elastic coefficients of
martensite depend on stress in a fully reversible man-
ner. After unloading, the oriented martensite retains
its anisotropic elasticity, which is entirely in compliance
with the results found by ez situ measurement presented
by Thomasova et al. [9].

5. Conclusions

The contribution presented illustrates the evolution of
elastic properties of polycrystalline NiTi undergoing a
compressional loading, observed in situ by the laser-based
ultrasound method focused on surface acoustic waves. It
is shown that the in situ measurement has great poten-
tial to increase the understanding of the processes in the
material in such a case.

The measurement of SAW velocities and their spatial
distribution can be realized during the loading. Veloc-
ities obtained are then used to determine the develop-
ment of elasticity coefficients by the inverse procedure
based on the Ritz—Rayleigh approach. Since SAWs carry
mostly information about the shear behavior, only the
shear constants c44 and cgg can be determined with suf-
ficient accuracy.

Based on the development of the identified elastic con-
stants, several remarks on the stress-dependent behavior
of the material can be made. Firstly, the reorientation of
R-phase introduces a surprisingly large anisotropy to the
sample. The character of the anisotropy remains simi-
lar even after the full martensitic phase-transformation.
However, the development of the constants is uneven,
suggesting a heterogeneous character of transition be-
tween the R-phase and martensite. Unfortunately, the
presented measurement does not offer sufficient data to
completely reveal this character and supplementary ex-
perimental data are necessary. One of the possibilities
is to combine the SAW with a pulse-echo measurement
during the loading.
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In advanced functional materials, where the prestress can initialize phase transitions or other structural
changes, the effect of the increasing load on an acoustic wave velocity is substantial and can provide important
information on the undergoing physical phenomena. In this paper, a novel method for contactless measurements
of acousto-elastic parameters is presented. The contactless arrangement, based on the concept of laser-ultrasound,
enables an accurate detection of small changes of the velocities of surface acoustic waves in various directions. Be-
cause of this contactless arrangement, the changes of the sample shape during the loading do not affect the results,
which can be assumed as the main source of inaccuracy for classical contact methods. The experimental device
and its control system is described in detail, and its application possibilities and limits are shown on examples of

shape memory alloys.
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1. Introduction

Acoustoelastic effect refers to the dependence of the
acoustic wave velocity on stress or strain. The interest in
acoustoelasticity has been stimulated by measurements
of residual stresses in polycrystalline materials [1] and
the study of anharmonic behaviour of long-wavelength
acoustic modes in single crystals [2].

Since the acoustoelastic coupling (stress-induced
anisotropy) is very weak in structural polycrystalline ma-
terials, other factors such as temperature, microinhomo-
geneity, texture, which are usually neglected in engineer-
ing applications of the theory of elasticity, cannot be ne-
glected in the study of acoustoelasticity. For this reason,
the ultrasonic methods for measuring residual stresses
have not been fully developed yet [3].

However, in advanced functional materials, where the
prestress can initialize phase transitions or other struc-
tural changes, the evolution of acoustic wave velocity
with increase of load can be substantial and can pro-
vide an important information on the undergoing physi-
cal phenomena.

The semi-linearized theory, first published by Thurston
and Brugger in [4], enables to develop methods for deter-
mination of third-order elastic constants from the change
of wave velocities in crystals under the influence of initial
stresses. This approach was used for study of lattice sta-

*corresponding author; e-mail: sevcik@it.cas.cz

bility and martensitic transformation in Cu-based shape
memory alloys by Gonzalez-Comas and Manosa in [5],
where complete set of third-order elastic constants of the
SMAs single crystals are a function of temperature. This
method for the characterization of stress-induced phase
transition brings two difficulties [6]. Firstly, theory of
Thurston and Brugger supposed a small difference be-
tween instantaneous and stress-free acoustic wave propa-
gation velocities. This condition cannot be fulfilled in the
case of stress-induced transformations [7]. This problem
can be solved by evaluation of second-order elastic con-
stants as a function of the applied stress. It means that
in each loading step, the inverse procedure for determi-
nation of complete elastic tensor [8] will be applied, and
hence softening phonon modes can be identified. Sec-
ondly, the time of flight measurement of wave velocity
by the contact approach is influenced by the change of
sample size and shape due to applied strain.

In this paper, both optical part and the control sys-
tem of the experimental arrangement is presented. The
suggested method is based on measurements of velocities
of surface acoustic wave propagation along the specimen
surface in various directions with respect to the loading
direction. Due to the fully contactless approach, the geo-
metrical changes of the sample do not affect the velocity
measurement.

2. Experiment

The propagation of the planar surface acoustic waves
(SAW) along the flat surface of isotropic homogeneous
material exhibit minimal dispersion effect and the SAW

(805)
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velocity gives information on mechanical properties in
the propagation direction. The penetration depth of
the SAW corresponds to the acoustic wavelength that
is large enough for the inspection of the bulk properties.
Although the SAW propagation on anisotropic solids is
more complex [9], the detection of the SAW propagation
in various direction on the specimen surface allows to
map the instantaneous anisotropic properties of tested
material. The SAW propagation is constrained only on
one side of the specimen and rest of the sample surface
can be exposed to the external loading.

»,
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Fig. 1.
sonic SAW method for in situ material characterization
under uniaxial mechanical loading.

The experimental setup of laser-based ultra-

The applied laser technique is similar to the system
described in [10]. In the presented experimental setup
(Fig. 1), the SAW was excited thermoelastically by the
impact of an infrared laser pulse. A beam of the Nd:YAG
laser (1064 nm, pulse energy > 100 pJ, pulse width
500 ps and 1 kHz repeating frequency) was focused via
a cylindrical lens into a line-like source on the sample
surface. The line source provides the generation of pla-
nar SAWs. The surface vibration was detected at vari-
able pump—probe distances by a homodyne laser inter-
ferometer (532 nm) with an adaptive beam combiner,
using two-wave mixing in a photorefractive crystal. The
signal which is proportional to the instantaneous out-
of-plane displacement of the surface was recorded. The
frequency bandwidth of the interferometer output was
restricted to 100 MHz. The spot size of the probe laser
beam was less than 10 pym. The pump-line-source spot
is fixed and the point-probe spot is translated along the
sample surface. This arrangement protects the sample
surface from the potential damage caused by an infrared
laser source. The higher level of energy density of the
pump laser can cause a localized melting of the exposed
surface. This effect is dependent on the properties of a
tested material. The energy level is usually decreased be-
low the melting limit and the signal-to-noise ratio of the

recorded signal is attained by averaging of repeated shots
in an acquisition scope card. Since the higher averag-
ing number increases measuring time, the adjustment of
the laser power and averaging number must be balanced.
The averaging over 1000 shots for high speed scope card
NI — PXIe 5162 10bits/5GS/s was found optimal. The
optical large aperture beam (50 mm in diameter), outgo-
ing from the interferometric system, is nearly collimated.
Motorized translators with a pair of large silver mirrors
(3 inch in diameter) and the objective lens with focus
length 100 mm were used for precise positioning and fo-
cusing of the probe beam on the sample surface. The
repeatable precision of the probe beam position is bet-
ter than 0.1 pm. Typical translation step in the scan
of pump-probe distance was 30 pm in the range 200-
900 pm. The minimal value (200 pm) of the pump-probe
distance was found ideal for the elimination of the near-
field effects of the acoustic source.
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Fig. 2. Typical stress—strain dependence of stress-
induced martensitic transformation in Ni-Ti.

The prismatic specimens of advanced functional ma-
terials were placed in the laboratory-made uniaxial load-
ing two-guide-rod micro machine working in compression
mode. The force was measured from strain measure-
ment on both guide rods by the calibrated full bridge of
semiconductive strain gauges with temperature compen-
sation with precision 0.5 N in the range up to 6 kN. Typ-
ical stress—strain dependence of stress-induced marten-
sitic transformation in Ni-Ti sample can be seen in Fig. 2.
The displacement was measured by inductive transducer
(LVDT) with free movable plunger (linearity better than
+3 pm in the range of 10 mm). The stress—strain con-
trol of loading is available. The temperature was moni-
tored by the miniature thermocouple (0.3 mm in diame-
ter) placed near to the specimen. The testing microma-
chine was rotated by the motorized rotation stage with
high precision (0.3 degree).

The measuring process starts with the setting of the
stress loading and then the SAW signals are recorded for
each defined pump-probe distance in all given angular
positions of the sample.
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3. Results and discussion

Typical signal data set for given loading levels and for
the SAW propagation in a loading direction (theta = 0)
is shown in Fig. 3. Owing to the imperfect stabiliza-
tion of the interferometric setup the signal phase was
changing and thus poor results were obtained after aver-
aging. For better results, the absolute values of signals
were averaged. Despite the fact that the signals in Fig. 3
are in their absolute values the arrivals of SAW and also
skimming surface longitudinal waves (SSLW) are observ-
able. A SSLW is a surface longitudinal wave that ex-
hibits strong dispersion (with comparison to the SAW)
because SSLW generates a transverse wave (TW) propa-
gating from the surface into a bulk of the sample. Since
SSLW acts as a supersonic movable source of a TW, the
determination of a SSLW arrival is influenced by velocity
of a transversal wave and strongly depends on spatial dis-
tribution of the finite acoustic source. Precise analysis of
the SSLW waveform and evaluation of its velocity needs
a more realistic model of the acoustic source and a wave
propagation model. At the present time, the determined
SSLW velocity can be used for the rough estimation of
velocity of a longitudinal wave (LW) propagating in the
bulk. By contrast to the evaluation of SSLW, the SAW
velocity can be evaluated more precisely because of the
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Fig. 3. Ultrasonic signal set for stress free (a) and max
loaded (b) state of the Ni-49.5Ti sample, red = SAW,
green = SSLW.

perfect detectability of a wave arrival and neglectable
dispersion. The presented specimen was cut from the
rod of fine-grained material of Ni-49.5Ti (50.5 at.%Ni-
49.5 at.%T1), for details see [11].

Evolution of SAW velocities at various directions of
propagation starts from common origin at stress-free
state (Fig. 4). The SAW at the compression direction
rapidly increases its velocity from 0.5% of strain whereas
SAW velocities decrease with increase of the propaga-
tion angle. Minimal value of velocity is at perpendicu-
lar direction to the loading. This anisotropization can
be explained by elasticity softening at R-phase transfor-
mation [11]. Following martensitic transformation and
martensitic reorientation causes increase of the SAW ve-
locity. During unloading of the final martensite, the
SAW velocity decreases along the loading curve without
hysteresis.

Detailed context with microstructural processes is pos-
sible to discuss after evaluation of elastic properties by
inversion of acoustic data in [8]. In this paper, the de-
scribed example illustrates potential of the laser-based
ultrasonic method for in situ material characterization
during mechanical testing.
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Fig. 4. SAWs velocities different directions with re-
spect to loading.

4. Conclusion

A novel method for acoustoelastic characterization of
functional materials was presented. The contactless ar-
rangement, based on the concept of laser-ultrasound, en-
ables accurate detection of small changes of the surface
velocities and estimation of bulk acoustic waves in var-
ious directions on a small sample loaded uniaxially in a
testing machine. Due to this arrangement, the changes
of the shape of the sample during the loading do not af-
fect the results, which can be assumed as the main source
of inaccuracy for classical contact methods. The exper-
imental device and its control system was described in
detail, and its applicability was shown on Ni—49.5T1 sam-
ple. The described experimental technique has a great
potential for in situ non-destructive characterization of
microstructural processes during material testing.
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The transmission of longitudinal ultrasonic waves through periodic ceramic microlattices fabricated by
Robocasting was measured in the 2-12 MHz frequency range. It was observed that these structures (scaf-
folds of tetragonal and hexagonal spatial arrangements with periodicity at length-scales of ~100 pm)
exhibit well-detectable acoustic band structures with bandgaps. The locations of these gaps at relatively
high frequencies were shown to be in close agreement with the predictions of numerical models, espe-
cially for tetragonal scaffolds. For hexagonal scaffolds, a mixing between longitudinal and shear polariza-
tions of the propagation modes was observed in the model, which blurred the matching of the calculated
band structures with the experimentally measured bandgaps.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Robocasting [1-3] is an additive manufacturing technique that
enables fabrication of micro-architectured three-dimensional
(3D) scaffolds consisting of ceramic micro-rods in periodic spatial
arrangements. These scaffolds are typically developed for particu-
lar applications such as bone tissue engineering [4,5] or advanced
liquid filtering [6]; however, the high acoustic performance of
dense ceramic materials in combination with the periodicity of
the micro-architecture of the scaffold predetermine the robocast
structures also for applications in acoustics.

As previously shown by the current authors [7], tetragonal
robocast scaffolds exhibit extremely strong elastic anisotropy,
accompanied by equivalently anisotropic effects in the acoustic
wave propagation. In addition, due to the periodicity, a pronounced
frequency-dependence of the acoustic wave propagation can be
expected, arising from a combination of internal resonances of
the unit cells of the structure and Bragg scattering effects resulting
from the periodic arrangement of these cells. In particular, the
existence of the so-called frequency bandgaps (BGs) typical for
acoustic meta-materials [8-10] or phononic crystals [11-15] can
be theoretically expected for the scaffolds. Indeed, the appearance

* Corresponding author.
E-mail address: hseiner@it.cas.cz (H. Seiner).

http://dx.doi.org/10.1016/j.ultras.2017.07.017
0041-624X/© 2017 Elsevier B.V. All rights reserved.

of these gaps in tetragonal robocast structures was recently pre-
dicted by finite elements calculations [7,16].

In this paper, we give experimental evidence of the existence of
acoustic BGs for silicon carbide (SiC) scaffolds of various micro-
architectures and symmetry classes. We show that the BG struc-
ture can be reliably predicted by finite elements calculations, espe-
cially for scaffolds with highly symmetric (tetragonal) spatial
arrangements. The main aim of this paper is, however, to show
experimentally that the acoustic energy transmission through a
robocast scaffold is strongly dependent on the micro-
architecture, which opens the possibility of tuning this architecture
in order to achieve the desired acoustic filtering properties. As
known from theoretical models [17-22], the structure and width
of acoustic BGs of a porous material with geometrically ordered
pores are strongly dependent on the shape of the pores and their
volume fraction, which opens space for topological optimization.
The additive manufacturing methods are, in general, understood
as particularly suitable tools for fabrication of phononic crystals
[23-26], as they enable fine tailoring of both the porosity and the
geometry of pores. The Robocasting method enables this approach
to be utilized for ceramic materials.

There have been several experimental demonstrations of pho-
nonic crystals reported in the literature so far, typically exhibiting
bandgaps either in a 100 Hz-100 kHz frequency range [27-30],
in the case when the spatial periodicity in these structures
appeared at the millimeter (or even longer) length-scales, or in a
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200 MHz-10 GHz range for structures with ~1-10 pm spatial peri-
odicity (e.g. [31-34]). In contrast, the robocast scaffolds reported in
this paper have the characteristic length-scales of 200-700 pm;
this, together with the high acoustic impedance of fully dense
ceramics, enables the robocast materials to exhibit BGs and other
metamaterial-like features at ultrasonic frequencies ~5-10 MHz,
which has rarely been reported in the literature yet [35].

2. Experiment
2.1. Materials

The examined SiC micro-scaffolds were fabricated by Robocast-
ing using a similar additive manufacturing process as described in
[3,36]. In brief, an aqueous colloidal paste (containing attrition
milled SiC powders with 7 wt.% Al,03 and Y,0s3 sintering additives
plus organic additives) was printed through a robotically con-
trolled nozzle into an oil bath, so that a regular architecture was
obtained layer-by-layer, consisting of a linear array of parallel fila-
ments in each layer. By different mutual rotations between these
layers and different spacings between the rods, four different
micro-architectures were obtained, according to CAD computer
designs shown in Fig. 1(a). Two samples were of tetragonal sym-
metry (LS and SS), differing only in the in-plane spacings between
the rods; similarly, two samples were of hexagonal arrangements
(LH and SH). Hereafter, we will use the acronyms (LS, SS, LH, and
SH) to denote the samples; the acronyms were chosen according
to the in plane shape of the unit cell for each material, i.e. small
square, large square, small hexagon, large hexagon.

Each structure was then slowly dried at room temperature and
subsequently heat treated at 600 °C to burn out the organic addi-
tives. As a final step, the 3D structures were densified by pressure-
less Spark Plasma Sintering (SPS) at 1700 °C in Ar. As shown in [36],
these sintering conditions led to full densification of the ceramic
materials. Scanning Electron Microscopy (SEM) images and optical
micrographs of the final sintered micro-lattices are shown in Fig. 1
(b) and (c), respectively. From the four prepared micro-
architectures, samples for ultrasonic measurement were prepared
by cutting out the non-periodic parts (the frames) of the scaffolds

(b) 500 pm
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LS sample

tetragonal structure
SS sample

TAYAYAYAVAVAVAVAVAVAVAVAVAY,

AvaY
VAVAVAVAVAVAVAVAVAVAVAVAYAY,
AVAYAYAYAVAVAVAVAYAVAVAVAVA!
YAVAVAVAVAVAYAYAVAVAVAVAYAY.
AVAVAVAVAVAVAYA!

hexagonal structure
LH sample

VAVAVAVAVAVAVAVAVAVAVAVAVAY.
AVAVAVAATATAVAVAVAVAVAYAYA!
VAYAYAVAVAVAVAYAVAVAVAVAYAY.

hexagonal structure
SH sample

X2

X3 Xq

(Fig. 1(d)). Prior to the sintering, the dimensions of all samples
were approximately 10 x 10 x 3 mm>. After sintering and after
cutting out the non-periodic parts, the resulting samples were all
approximately 8.5 x 8.5 x 2.8 mm°.

2.2. Experimental methodology

The acoustic properties of the samples were studied using a
through-transmission method (see Fig. 2 for an outline). Each sam-
ple was contacted by a CrystalBond wax onto two 0.5 mm thin
glass plates to ensure flat co-planar faces for an adequate contact-
ing of ultrasonic probes.

Then, narrow-band longitudinal ultrasonic pulses were sent
through the sample, each consisting of ten harmonic periods at
given frequency inside of an amplitude-envelope (‘input signal’
curve shown in Fig. 2). The narrow band excitation allowed satis-
factory signal-to-noise ratio, enabled time-resolved analysis of
the output signals, and, at the same time, would reveal possible
nonlinearities in the measurement system (which were not
observed). The glass plates were always glued onto two lateral
faces of the sample and oriented such that they enabled measure-
ments of waves propagating along one of the orientations of the
rods. According to the coordinate system outlined in Fig. 1, the
measurements were performed in the x; direction for all samples.

For the generation of the input signals and the acquisition of the
transmitted signals, a National Instruments NI-PXI card system
was used, including a functional generation card 5422 (16
bits/40 MHz) employed for burst signal generation, and an acquisi-
tion card 5122 (14 bits/100 MHz) for signal recording. The gener-
ated as well as the recorded signals were amplified by a high
power ultrasonic system Ritec RAM 5000. This system was
equipped by a gated amplifier (nominal frequency range 50 kHz-
22 MHz, output RMS power 5kW at 50 ohms/2.5 MHz) and a
broadband receiver (frequency band 40 kHz- 80 MHz/72 dB gain).

A LiNbOs single crystal (central frequency 20 MHz) glued on a
10 mm Homosil substrate was used as an emitting transducer. A
commercial delayed ultrasonic probe Panametric V206 (0.12”,
20 MHz) was employed as a receiver. Propylenglycol was used
for acoustic coupling.
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Fig. 1. The four different micro-architectures used in the experiments: (a) initial computer CAD designs; (b) SEM images of the resulting sintered architectures; (c) optical
micrographs of these architectures; (d) samples for ultrasonic measurements cut from the central parts of the robocast structures.
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Fig. 2. Outline of the experimental set-up of the through-transmission acoustic tests.

Input burst pulses with nominal frequencies (f;,) between
2 MHz and 12 MHz were used; this frequency range was scanned
with a 0.1 MHz step.

While the input signal was a compact burst wave-packet, the
transmitted signal was much more general (as, for example, the
‘output signal’ curve in Fig. 2). For each nominal frequency of the
input signal, two basic parameters of the output signal were deter-
mined: (1) the maximal transmitted amplitude, and (2) the domi-
nant frequency (f,,.) determined by Fast Fourier Transform (FFT) of
the output signal. It was checked that for a reference sample (a
10 mm thick bulk plexiglass) the transmitted amplitude was
monotonously increasing with frequency for the whole used fre-
quency range, and that

fin :fout (1)

in the given frequency range. This result is visualized in Fig. 3 as a
plot of the transmitted amplitude with respect to the input fre-
quency f;, (solid line) and the output frequency f,, (vertical bars).
The amplitude is normalized with respect to its maximum value
(reached at 12 MHz). It is seen that the amplitude decreased below
3 MHz due to low sensitivity of the detection probe to such low fre-
quencies; in the rest of the used frequency range, the amplitude
was increasing due to approaching the vicinity of the resonant fre-
quencies of both emitting and receiving probes. This reference mea-
surement confirmed that any localized sharp decreases in the

bulk sample (plexiglass)

transmitted amplitude obtained for the robocast samples must fol-
low from the interactions of the propagating waves with the micro-
architecture.

In the rest of the paper, we will use the same representation of
the acoustic energy transmission through the robocast samples as
the one used in Fig. 3 for the bulk plexiglass sample, i.e. two plots
of the transmitted amplitude, the first one with respect to the
input frequency (f;,) and the second one with respect to the dom-
inant frequency of the output signal (f,,). The lowest amplitude
transmitted through the bulk plexiglass sample was obtained at
2 MHz, where the output signal was by two orders of magnitude
(i.e. —40 dB) lower than that at 12 MHz. For the robocast samples,
we decided to consider the frequency intervals in which the atten-
uation becomes even by one order of magnitude stronger (i.e.
—60 dB) as regions of possible BGs; the —60 dB cut-off frequencies
will be indicated in all experimental results in the rest of the paper.
With the used averaging (100x) and the nominal signal-to-noise
ratio of the acquisition system, the resulting signal-to-noise ratio
of the recorded signal was higher than 80 dB.

3. FEM calculations

In addition to the experiment, the wave propagation in the
examined scaffolds was studied by numerical modelling, in partic-
ular by the finite elements method (FEM). The calculations were
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Fig. 3. Results of a preliminary reference measurement for a bulk plexiglass sample. The solid (blue) line is a plot the transmitted amplitude with respect to the set input
frequency f;, of the transmitter probe, the vertical (red) bars represent the plot of the same amplitude with respect to the dominant frequency of the output signal f . The
amplitude is normalized with respect to its maximum value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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performed on representative unit cells of the scaffolds shown in
Fig. 4. For both tetragonal and hexagonal scaffolds these unit cells
are representative building blocks that repeat periodically along
the three spatial directions (x;, X, and x3). However, while for
the tetragonal structures this building block is directly equivalent
to the smallest (irreducible) unit cell of the scaffold, for the hexag-
onal structures the cell used for the calculation is composed of two
mirror-reflected irreducible unit cells, each of them periodically

repeating in the structure along the directions x, = +v/3x;.

The unit cells were meshed by tetrahedral Lagrangian elements,
and the corresponding wave-propagation problem was solved
using COMSOL Multiphysics computational environment [37].
The dimensions of the unit cells, i.e. the out-of-plane spacing of
the rods h, the in-plane spacing of the rods [, and the rod diameter
d, were obtained from optical micrographs of the scaffolds (both
axial views and cross-sectional cuts); the results are listed in
Table 1. A relatively large scatter (up to £20 um) was observed
in the micrographs for all parameters. Hence, the results of the
FEM calculations must be understood just as idealized approxima-
tions of the behaviors of the real scaffolds. The material parameters
of robocast SiC for the calculations were taken from [7] as follows:
the density p = 3.34 gcm™3, Young’s modulus E = 305 GPa, and
Poisson’s ratio v = 0.19.

As usual for wave propagation in periodic media with spatial
periodicity described by a translational vector a [27,38,39], the dis-
placement field of the sought solution was assumed in form of a
planar wave of frequency w

Fig. 4. Geometries and FEM meshes used for calculations of the band structure of
the studied scaffolds: (a) SS structure; (b) LS structure; (¢) SH structure; (d) LH
structure. Schematic sketches on the left show the placements of the unit cells in
tetragonal (a,b) and hexagonal (c,d) structures in the x;-x, plane.

Table 1
Geometric parameters of the calculation domains for FEM calculations; see Fig. 4 for
the meaning of individual parameters.

Sample [ [pm] d [pm] h [pm]

LS 650 210 275

SS 308 219 261

LH 576 215 385

SH 420 210 405
u(x» t) = UB(X7 k) exp[i(k X — (Ut)], (2)
where
Up(x,k) = Ug(x +a,k) 3)

is the Bloch waveform [40,41] having the same spatial periodicity as
the scaffold, and k is the wave vector, that can always be mapped
into the first irreducible Brillouin zone. In particular, planar waves
propagating along the symmetry direction x; were assumed in all
cases; in this direction, the spatial period of the scaffolds was
a = I for the tetragonal structures and a = 21/+/3 for the hexagonal
structures. The calculations were done for sets of wave numbers
k= k| € [0, 7/q] for the  tetragonal  structures, and
k = |k| € [0,27/a] for the hexagonal ones.

The Bloch wave solution was determined by calculating eigen-
frequencies and eigenmodes of elastic vibrations of the unit cell
with the complex phase-shift boundary condition

u(Xl = 07X2aX31 t) = u(XT = a,X2,X3, t) exp(ika) (4)

in the direction x; and periodic boundary conditions in the x, and x3
directions. For the tetragonal scaffolds, this calculation gave directly
the full band structure for the wave propagation in direction x;. For
the hexagonal scaffolds, the solutions were duplicate due to the fact
that the used computational unit cell consisted of two irreducible
unit cells of the structure; i.e. for each k € [0,27/a], also solutions

for k = (2m/a) — k were obtained. The separation of these two sets
was done by checking the phase shifts between corresponding
points at planes x; = 0 and x; = a/2.

For each solution, the displacement amplitudes u; (i.e. along the
propagation direction), u, and us at the faces perpendicular to x;
were compared, which enabled identification of waves with dom-
inantly longitudinal polarizations. For a more detailed analysis of
the individual modal shapes, visualizations of the corresponding
solutions on supercells consisting of four unit cells repeating along
the propagation direction were constructed from the solutions on
single cells.

4. Results
4.1. Tetragonal structures

The plots of the transmitted amplitudes with respect to input
and output frequencies for the LS and SS samples are shown in
Fig. 5, being significantly different from what was observed for
the reference bulk sample (Fig. 3). Some energy is transmitted
through the LS and SS structures for all input frequencies, however,
it is clearly seen that in some frequency ranges this transmission is
only due to the finite spectral width of the input signals. In the
spectrum of the output signals (f,,, vertical bars), broad BGs are
clearly observed; the locations of these gaps are summarized in
the first two columns of Table 2.

For the LS sample, the transmitted amplitude starts rapidly
decreasing above 3 MHz, reaching a —60 dB attenuation at approx-
imately 3.3 MHz. Then, in the 3.5-4.9 MHz interval a BG is
observed, and above it the transmitted amplitude increases again.
Similarly, the second -60dB cut-off frequency emerges at
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Fig. 5. Experimental results for the tetragonal scaffolds LS (upper plot) and SS (lower plot). The solid line is the plot of the transmitted amplitude with respect to the input
frequency; the vertical bars are the plot with respect to the dominant frequency of the output signal. For each sample, the amplitude is normalized with respect to its
maximum output value. For the . plot, approximate locations of the BGs are outlined by the dashed lines; broken arrows denote the locations of the drops of the normalized

amplitude beyond 10> (i.e. —60 dB).

Table 2

Cut-off (—60 dB) frequencies and BGs of the examined samples. All values are in MHz (experimental data with accuracy +0.1 MHz).
Sample LS SS LH SH
1st cut-off freq. [MHz] 33 9.5 3.8 6.1
2nd cut-off freq. [MHz] 111 6.1
1st BG location [MHz]
Experimental 3.5-4.9 9.6-11.5 4.3-54 6.1-7.8
Calculated 3.2-4.5 From 10.1 3.8-54 5.7-7.9
2nd BG location [MHz]
Experimental 7.7-9.1 6.3-8.5 From 11.0
Calculated 6.9-7.8 6.2-7.9 9.8-10.6
3rd BG location [MHz]
Experimental From 11.1 9.6-11.5
Calculated From 11.6 9.7-9.8

11.1 MHz, which is followed again by a sharp BG. Between these
two sharp BGs, an additional minimum of the transmitted ampli-
tude appears, corresponding to the output frequency range
denoted as ‘2nd bandgap’ in Fig. 5.

For the SS sample, a shallow local minimum is observed at about
4.5 MHz, but there is no real gap in the transmitted frequencies
related to this minimum. A strong decrease in the transmitted ampli-
tude is then seen at above 9 MHz, reaching a —60 dB cut-off fre-
quency at 9.5 MHz. A sharp BG for the SS structure is localized
between 9.8 and 10.6 MHz. The decreases of the amplitudes around
the BGs are gradual rather than abrupt for both samples, which is
probably due to the irregularities of the real structure mentioned
in Section 3, that leads to some blurring of the BG edges.

The observed band structure for the LS and SS samples can
easily be interpreted based on the results of the FEM modeling
shown in Fig. 6. For the LS sample, the FEM model predicts that
there are three longitudinal modes appearing in the studied fre-
quency range. Two of them with positive group velocity
(0w /0k > 0, modes denoted by capital letters C-C' and D-D’ in
Fig. 6) and one with negative group velocity (0w/dk < 0, mode
G-G'). Fig. 7 shows the modal shapes of the chosen modes for
two different values of the k-vector: in the middle between the
center and the edge of the 1st Brillouin zone (k = a/2m) and at
the edge of the 1st Brillouin zone (k = a/m), where the size of the
unit cell corresponds to one half of the wavelength. It is observed
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Fig. 6. Band structure of the tetragonal scaffolds LS (upper plot) and SS (lower plot) calculated by FEM. The thick (blue) lines denote the modes with dominant longitudinal
component; the shaded (yellow) areas denote the gaps between these modes. In the upper plot, the capital letters A,...,G and A/, ..., G’ labeling the individual modes refer to
Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that the geometry of the modes for these two values of k is while all other modes have dominantly shear polarizations related

essentially the same, up to the change in the wavelength. to bending of the rods oriented along the propagation direction.
From these mode visualizations, it is clearly shown that these The high symmetry class of the scaffold enabled clear distinguish-
three modes represent purely longitudinal straining of the scaffold, ing between the shear and the longitudinal modes, according to

A B C D E G

I &
0 max % 5
displacement amplitude 2
Fig. 7. Visualizations of the selected propagation modes (see the labels in Fig. 6) for the LS structure. Modal shapes A,...,G correspond to k = 7/2a, modal shapes A/, ..., G’ to

k = m/a. The color-scale represents the instantaneous displacement amplitude (normalized into a [0;1] interval) for fixed phase angle wt.
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the symmetry components of the structure. In summary, there is a
good quantitative agreement between the gaps separating the
modes C-C’, D-D’ and G-G’ and the experimentally observed BGs.

For the SS sample, the FEM calculation predicts only one BG
within the measured frequency range, starting above the edge of
the first longitudinal mode and denoted by a thick line in the lower
plot of Fig. 6. This mode is geometrically equivalent to the C-C’
mode in the LS structure. The quantitative agreement between
the FEM prediction of the location of this BG and the experimental
value is also satisfactory, especially when taking into account that
for higher frequencies (shorter wavelengths) the local imperfec-
tions in the geometry of the structure, i.e. deviations of the real
geometry of the scaffold from the idealized geometry of the FEM
unit cell, may have a more pronounced effect. The FEM model also
confirms that there should be no BG around 4 MHz, i.e. that the
first local minimum on the amplitude curve of the SS sample is
artificial. As this minimum was observed neither for any other
robocast sample nor for the bulk sample, its appearance cannot
be ascribed to any internal resonances of the experimental
arrangement; a possible explanation is that there was a localized
heterogeneity or other imperfection in the structure of this sample.

4.2. Hexagonal structures

For the hexagonal LH and SH samples, the experimental results
are shown in Fig. 8, presenting localized decreases in the amplitude
followed by broad BGs. The frequency ranges of these gaps are
summarized in the third and the fourth columns of Table 2. For
the LH sample, a sharp BG is observed between 6.3 and 8.5 MHz,
while for the SH sample the BGs are detected between 6.1 and

7.8 MHz and above 11.0 MHz. For the LH sample, two less pro-
nounced minima of the transmitted amplitude can also be seen.
The first one appears above the first —60 dB cut-off frequency
(3.8 MHz) and corresponds to the f,,, frequency range denoted as
‘1st BG’ in Fig. 8. The second minimum (‘3rd BG’) is very shallow,
located approximately between 9.6 and 11.5 MHz. It is not clear
from the experimental results whether the latter minimum can
be assigned to some real BG.

The interpretation of the observed band structure for hexagonal
samples by FEM calculations (Fig. 9) is much less straightforward
than for the tetragonal structures. Most importantly, the propaga-
tion along the x; direction in the hexagonal structure does not cor-
respond to a single direction on the 1st Brillouin zone, but to a path
from the center of the zone (I') to its corner (point K) and then to
its edge (point M, see the sketch in Fig. 9), where the notation I', M
and K is adopted from phonon mechanics [41]. Due to this complex
path, the w(k) curves for most of the propagation modes are non-
monotonous, exhibiting local stationary points (0w/0k = 0) for
various values of k < 27/a.

The visualizations of the selected propagation modes (see the
labels in Fig. 9) for the LH structure are depicted in Fig. 10 for
k=m/2a, k= m/a and k = 27/a. Among the three lowest (acous-
tic) modes, two shear modes (A-A'-A”, B-B’-B”) and one longitudi-
nal mode (C-C'-C") can be distinguished based on the modal
shapes, although the latter intersects with a higher-order shear
mode D-D’-D”. The longitudinal mode has a stationary point at
approximately k = 0.6(27/a), i.e. neither in the corner of the zone
(but close to it), nor at its edge. Simultaneously, the longitudinal
mode C-C'-C” intersects in the K-point with the dominantly shear
mode D-D'-D”, neither of them having zero group velocity of /0k at
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frequency (f;,) and on the dominant frequency of the output signal (f,,); see Fig. 5 for a detailed legend. For each sample, the amplitude is normalized with respect to its
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

this point (this situation is more clearly seen for the corresponding
modes for the SH sample). This indicates degeneracy of these two
modes and their mutual conversion by Bragg scattering.

The stationary point of the C-C'-C” mode, nevertheless, corre-
sponds well to the experimentally observed first cut-off frequency
and the start of the first BG. The polarizations of the modes appear-
ing above this point are dominantly shear, except of the mode E-
E'—E”, which is a propagating longitudinal mode between points
I and K, but turns into a non-propagating mode (dw/ok = 0)
between K and M. The upper edge frequency of this mode corre-
sponds well to the start of the second experimentally observed
BG in the LH structure. At higher frequencies, nevertheless, any
clear distinguishing between longitudinal and shear modes
becomes impossible. Unlike tetragonal scaffolds, hexagonal scaf-
folds do not impose any particular symmetry to the modal shapes
except the mirror symmetry about the x; = 0 plane; hence, the
mixing of in-plane shears and longitudinal strains is not anyhow
constrained. The mode F-F-F’ is dominantly shear for
k ~ 0.4(2m/a) while the mode G-G'-G” is dominantly longitudinal
in this region (see visualizations F and G). However, when the
curves for these two modes nearly touch each other at
k ~ 0.45(2m/a), their polarizations interchange (see visualizations
F' and G'), which occurs again at k ~ 0.9(27/a), and so the mode
F-F-F" is purely shear again at the edge of the Brillouin zone (visu-
alization F”), while the mode G-G’-G” is purely longitudinal at this
point. The lowest frequency of the longitudinal polarization of
these two modes corresponds well to the end of the second exper-
imentally obtained BG, so it can be concluded that although the
mode G-G'-G” is of the above described mixed polarization, this
mode enables some energy transmission through the structure.

All higher modes exhibit similar switching between longitudi-
nal and shear polarizations, or even more complex modal shapes
(such as H-H'-H") in which the longitudinal and shear components
are fully comparable. Hence, it is difficult to find the origin of the
third experimental BG for the LH structure. The calculations pre-
dict a narrow BG for both longitudinal and shear modes at 9.7-
9.8 MHz, but the relation of this calculated BG and the broad
observed minimum of the transmitted amplitude is questionable.

Similarly, for the SH sample, the FEM calculation enables a
straightforward interpretation only for the lowest modes. The start
of the first BG again corresponds to the stationary point of the lon-
gitudinal acoustic mode. The end of this BG then probably corre-
sponds to the mode denoted by the dashed line in the lower
subplot of Fig. 9. This mode is geometrically similar to the mode
G-G'-G” of the LH structure, and exhibits similar switching of
polarizations. However, at higher frequencies the agreement
between the model and experiment deteriorates. The FEM calcula-
tions predict a BG for both longitudinal and shear modes between
9.8 and 10.6 MHz, which cannot be seen in the experimental
results. On the contrary, the experiment gives a local maximum
of the transmitted amplitude in this interval. It is plausible that
this theoretically predicted BG may correspond to the measured
BG at above 11.0 MHz, and the discrepancy follows from the devi-
ations of the real micro-morphology of the scaffold from the geom-
etry of the FEM model. Similarly as for the tetragonal scaffolds, the
agreement between the model and the experiment at high fre-
quencies is worse for the denser structure. As it can be partially
seen from the optical micrographs in Fig. 1, the rods in these dense
structures (SS and SH) appear more wavy due to the inherent over-
lapping between layers, exhibiting less constant diameter over the
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Fig. 10. Visualizations of the selected propagation modes (see the labels in Fig. 9) for the LH structure. The color-scale represents the instantaneous displacement amplitude
(normalized into a [0;1] interval) for fixed phase angle wt. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

structure; hence, a stronger disagreement with the model could be
expected.

5. Conclusions

Both experimental results and FEM calculations in the present
paper confirm that ceramic microlattices fabricated by Robocasting
exhibit band structures for longitudinal ultrasonic wave propaga-
tion with acoustic bandgaps. For the fine robocast scaffolds stud-
ied, the lowest BGs appear above 3 MHz. Broad BGs were
observed for both tetragonal and hexagonal structures, the spectral
width of these gaps being between ~1 MHz and ~2 MHz in both
cases. Robocasting, as a 3D printing method, is proved to be a
versatile tool for rapid prototyping of phononic crystals with a
prescribed acoustic band structure and bandgaps that block
acoustic energy propagation at frequency ranges of as high as 5-
10 MHz.

The results presented in this paper also show the limitations for
FEM modeling of the wave propagation in real robocast structures.
For increasing frequencies, the geometric imperfections and/or
boundary defects of the real structures may lead to significant
shifts between the predicted locations of the bandgaps and the real
frequency ranges in which the transmitted energy is lowered.
Despite this quantitative mismatch at high frequencies, FEM
calculations were shown efficient for the interpretation of the
experimentally observed band structures, and enabled also a
deeper insight into the acoustic wave propagation in the scaffolds,

especially for the hexagonal symmetry class where mixing of shear
and longitudinal polarizations appears.
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ARTICLE INFO ABSTRACT

Keywords: This paper is dedicated to experimental and atomistic study of the influence of so called T-stress (acting along the
Fe-Si single crystals crack plane) on fracture processes in bee iron. We analyze experimental results from fracture tests performed at
Experiments room temperature on bcc iron-silicon single crystals with a long edge crack (110)[110] (crack plane/crack
Fracture front). The specimens were loaded in tension mode I under different border conditions inducing different sign of
T-stress . the T-stress. The brittle-ductile behavior at the crack front was monitored on-line via optical microscopy together
Molecular dynamics . . . . . .

Bee iron with external force and prolongation of the specimens. Topology of the specimens has been investigated before
and after the fracture tests via the white light interferometer. The microscopic processes produced by the crack
itself were studied at 300 K via 3D molecular dynamic (MD) simulations in bcc iron under equivalent boundary
conditions and the T-stress was examined by means of stress calculations on the atomistic level. The experi-
mental and atomistic results show that the sign of the T-stress affects the fracture behavior. MD simulations
reveal that positive T-stress makes the emission of blunting dislocations <1 1 1>{1 1 2} from the crack front more
difficult. As a consequence, higher external loading is needed for crack blunting in the experimental specimens
with T > 0 in comparison with the specimen having T < 0.

Introduction The study [16] shows that the brittle-ductile behavior is influenced by

The brittle-ductile response of bcc iron single crystals with a low
content of silicon is often studied experimentally, see e.g. [1-11], since
it is a good model material to understand crack behavior in structural
ferritic steels which is important topic in many engineering applica-
tions, e.g. for reactor steels [12]. The experimental studies reveal that
the brittle-ductile behavior depends on temperature [1-3] loading
(strain) rate [4], crack orientation [9,10] and type of loading [5-7,11].

Continuum analyses based on linear fracture mechanics (LFM) and
Peirls-Nabarro (PN) model for dislocations [13,14] enabled to introduce
a criterion for the brittle vs. ductile behavior of cracks by means of the
stress intensity factor K describing the near stress field at the crack front
and utilized also for evaluation of fracture tests. Beltz and coworkers
[15] incorporated into the Rice model [13] for isotropic continuum also
so called T-stress, i.e. the nonsingular constant term acting along the
crack plane. Extension of this model (including both K-factor and T-
stress) to anisotropic continuum and comparison with atomistic simu-
lations in bec iron under bi-axial loading in mode I is presented in [16].
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the change of the T-stress under bi-axial loading. Recent 3D atomistic
studies [17] with a short and long edge cracks (110)[110] (crack
plane/crack front) reveal that the brittle-ductile transition under uni-
axial tension in mode I at low temperature (~ 0 K) can be caused also by
the crack length or by different boundary conditions due to the change
of the sign of the T-stress. This was our motivation for new fracture
experiments presented in the paper.

Previous fracture experiments [9] on Fe-Si single crystals with a
relatively short narrow edge notch a/W = 0.3 (a means the crack
length and W the sample width) of the orientation (I 1 0)[1 1 0] loaded
in mode I were only performed under the constant displacements
boundary conditions and they showed that the behavior at the crack
front was ductile.

In this paper we present the results of new fracture tests on single
crystals of a-Fe (2.1 wt%Si) with a narrow long edge notch a/W = 0.8
of the type (110)[11 0] loaded in mode I under two different border
conditions leading to the different sign of the T-stress by continuum
treatment. Because the relative ratio a/c (crack length/crack opening)
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Fig. 1. Geometry and crystallographic orientation of the specimens with edge crack (1 1 0)[1 1 0] (crack plane/crack front). The grey area indicates type of loading
induced by the gripper: a/ constant displacements at the borders (specimen No2); b/ partial loading by constant stress along the distance d (specimens Nol, No3).

exceeds 20, the notch (with a/c = 80) can be considered according to
the Goodier solution for elliptical cavities as a narrow crack and treated
by LFM, similar to [9]. The shape and orientation of the experimental
specimens is shown in Fig. 1. The experiments include also ultrasonic
measurements of the velocity of the elastic waves in the anisotropic Fe-
Si (2.1 wt%) crystals to determine the unknown elastic constants for the
given content of silicon. They are needed for evaluation of fracture
tests. The edge crack in fracture experiments was loaded under uniaxial
mode I at room temperature. The experimental results are accompanied
with new MD simulations at room temperature utilizing 3D atomistic
samples of similar geometry as in Fig. 1 (i.e. with the same ratios a/W,
L/W and B/W as in experiment). This means that the boundary cor-
rections factors F; and f; staying at the K-factor [18,20] and T-stress
[19,21] are the same in MD and as well in experiments. In other words,
this study utilizes the self-similar character of fracture mechanics. Our
question is how the sign of the T-stress (determined by the border
conditions) affects the brittle-ductile behavior at the crack front.

As pointed out in [22], any fracture process ultimately involves the
rupture of interatomic bonds and therefore, the processes on the atomic
scale critically influence overall fracture behavior. It concerns also the
crack induced generation of dislocations or stacking faults, where the
exchange of interatomic bonds plays the role. This activity is decisive
for crack stability or mechanisms of crack extension [23].

Although direct (quantitative) comparison of MD crack simulations
in bec iron with fracture experiments on iron silicon crystals is im-
possible for many reasons (pre-existing dislocations, dilute Si atoms,
different strain rates, etc), we believe that a qualitative assessment of
the T-effect on the brittle-ductile behavior at the crack front is possible,
as shown below.

Experiments
Crystal preparation

Rod-like single crystals of a Fe-2.1 wt% Si alloy (diameter of 12 mm;
length of 60 mm) with the axis oriented in the (1 1 0) direction were
grown by the floating zone melting technique at the Institute of Physics,
Academy of Sciences of the Czech Republic (AS CR) using the apparatus
FZ-T-12000-X-VI-VP (Crystal Systems Corp., Japan) [24]. A molten
zone was established in the material located in a common focal point of
light beams produced by focusing the light beams of four Xe lamps
located in focal points of semi-ellipsoidal mirrors. The growth proce-
dure was done using an oriented seed crystal in argon atmosphere in the
course of moving the material along the material axis at a rate of
10 mm/h. Simultaneously, both the seed (later being grown crystal) and

the materials were rotated in opposite directions by the rate of 10 rev/
min. After checking the crystallographic orientation via an x-ray Laue
back-scattering technique, rectangular samples of length L of about
50 mm, width W of about 10 mm, and thickness B of about 1.85mm
were prepared by electrospark cutting. The shape and crystallography
of the samples are schematically shown in Fig. 1. The deformed layer
was removed by grinding and by chemical polishing in dilute mixture of
HF and H,0,. After this procedure, a narrow edge notch of the length a
of about 8 mm was electrospark cut using a thin tungsten wire of dia-
meter of 50 um. After cutting, the initial crack opening COD = 2c was
about ~0.2mm. More precise values are given in Table 1. Note that
while the specimens Nol and No2 were of rectangular shape, the
sample No3 was rather of a trapezoidal (conic) shape after the cutting
from the original circular rod of the single crystal. The basic values W
given in Table 1 are valid for the middle of the specimen where the
notch of the length a was cut.

The orientation of the main surface LW of the sample in Fig. 1 is
(110), the side surface LB is (001) and BW surfaces possess the or-
ientation (1 10). The crack is parallel to the (1 10) plane; the crack
front is oriented in the [1 1 0] direction; and the potential direction of
crack extension is [0 0 1].

Precise chemical analysis from the single crystal has been shown
that Si content is 2.1 wt% Si. The content of other impurities corre-
sponds to about C ~ 0.003, P ~ 0.01, S ~ 0.01, Mn ~ 0.01 (in wt%)
and other 0.02 wt%.

Ultrasonic measurements

Since experimental values of the elastic constants for the present
content of silicon are not known, we performed in IT AS CR ultrasonic
measurements of the velocity of the longitudinal (L) and transverse (T)
shear waves in the [1 1 0] direction (the thickness B) and in the [00 1]
direction (the width W) of the specimen viewed in Fig. 1. Pulse-echo
method and PZT transducers with nominal frequency 30 MHz have
been used for the measurements of L-waves through the thickness B,

Table 1
Dimensions of three experimental specimens from the Fe-2 wt%Si single crystal
corresponding to scheme in Fig. 1. Note that ¢ = COD/2.

No. L w B a COD a/c a/W
mm mm mm mm mm

1 49.71 9.92-3 1.83-5 7.98 0.195 81.9 0.80

2 49.72 9.88-9 1.83-5 7.96 0.194 82.1 0.80

3 50.66 11.42 = 1 1.86-8 8.07 0.196 82.3 0.71
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while the through-transmission method and transducers at 20 MHz
were used for the measurements of L-waves in the [001] direction
(along the width W). Additional measurements of propagation of the
shear T-waves through the thickness B have been performed using
transducers at 20 MHz. The transducers were glued either on the ex-
tended free surface LW of the specimen in Fig. 1 or on the side narrow
surface LB.

For our crystal orientation the elastic constants can be determined
e.g. from the relations given in [25]:

Cn = p(Vepo))®  Cio = p(Vipio))?s
(Cu—-Cp)2= P(VT1[110])2,

Cas = P (V2110

where the index to[110; means the transverse (shear) waves polarized in
the direction [1 1 0] (in the basic cubic orientation the displacements
U; = 0, Uy = 0, Uz = 0), while the index t11110; means the T-waves
polarized in the [001] direction (where only Uz = 0). The average
velocities were determined from 5 or 7 measurements in each case on
the rectangular specimens Nol a No2 (see Table 1) and the results are
following:

VL[OOIJ = 5341 I’Il/S, VL[llOJ = 6235 m/s, VT2[110] = 3960 m/s,

Vri110] = 2360 m/s.

The density p of the iron crystal with the content 2.1 wt%Si has been
determined to be p=7.783 x 10°kg/m® from the relation
p = 0.021p(Si) + 0.979 p(Fe) with the densities
p(Si) = 2.329 x 10°kg/m? for pure Si and p(Fe) = 7.9 x 10*>kg/m?® for
pure bec Fe. The content 2.1 wt%Si corresponds to 4.09 at% Si. The
numerical value p = 7.783 x 10°kg/m? fits well with the experimental
and theoretical dependencies p vs. at% Si for the iron-silicon single
crystals presented in Fig. 1 in [26]. Utilizing the values above for de-
termination of the elastic constants we obtain

'Ci10 = 3.03 X 10! N/m2,
Cpy = 1.35 X 101 N/m2.

Cpp = 222 X 10 N/m?,
Cy = 1.22 x 101 N/m2,

The largest scattering of data was monitored in the case of Vi [oo1,
which concerns evaluation of C;;. Due to the narrow LB cross section
the measurement of the velocity of the L-waves in the [0 0 1] direction
was not very precise since the side lateral wave reflections from LW
surfaces make difficult a precise measurement of the transit time. If we
use the more precise measurements of Vijio;, i.e. the value of
"C110 = (C11 + Ci2 + 2C44)/2 and the value C,4 given above for the
evaluation of C;, we obtain C; = 2.24 x 10'' N/m? and consequently
Cy2 = 1.38 x 10" N/m? The new values differ from the previous by
about 1% and 2.2% respectively, which approximately represents the
accuracy of evaluation of the elastic constants in the present study. For
further treatment we will consider a set C;; = 2.24 x 10'! N/m?.
Cio = 1.35 x 10" N/m? and Cy4q = 1.22 x 10" N/m? It complies well
with the experimental data on the elastic constants of Fe-Si single
crystals in the region of low content of silicon, viewed in Fig. 2 in [26].
For comparison, the room temperature data for pure bcc iron from ul-
trasonic measurements [27] are C;; =2.33, C;,=1.35 and
Csq =1.18 x 10" N/m?. It may be seen that the elastic constants of Fe-
Si single crystals with low content of silicon do not differ significantly
from pure bcc iron. It complies with quantum mechanical treatment
[28] of the elastic constants in dilute Fe-Si alloys, where just a week
dependence on Si content is valid up to ~9 at% Si.

The presented results will be utilized in the next part of the study for
evaluation of the effective elastic stiffness coefficient C binding the
energy release rate G with the stress intensity factor K in anisotropic
crystals via the relation G = C-K?. It needs to know the matrix of the
elastic constants ‘Cij and of the compliance constants ‘Sij for our crystal
orientation shown in Fig. 1. If the coordination system according to
LFM is utilized, i.e. the axis x=x; =[001], y=x=[110],
z = X3 = [110], then the individual elements of the matrix are given
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Fig. 2. Experimental arrangement for tension mode I: a/ constant displace-
ments at the borders (specimen No2); b/ the grippers enabling bending (spe-
cimens Nol, No3). The distance between the grippers corresponds to the active
sample length La.

by the relations: ‘C11 = Cq1; ‘C12 = ‘Cy3 = Cy9;
‘Coz = ‘C33 = (C11 + Ci2 + 2 Cyyg)/2; ‘Caz = (Cq1 + Ci2 — 2 Cyq)/2 ...
‘Cqsq = (C11 — C12)/2; Css = Cgg = Cuu. Numerically the matrix is
given by

224 135 1.35 0 0 0

1.35 3.03 0.585 0 0 0
1.35 0.585 3.03 0 0 0 . . 1 5
0434 0 0 in units of 10 N/m?.

122 0

1.22

The compliance constants ‘S; are determined by inversion of the C-
matrix given above for Fe-2.1 wt%Si. In this case the S-matrix is:

0.813 —0.304 - 0.304 0 0 0
—0.304 0457 0.047 0 0 0
—0.304 0.047 0.457 0 0 0 . . T
2304 0 0 in units of 10~ m?/N.
0.820 0
0.820

Fracture tests

The crystals were loaded by uniaxial tension in the direction parallel
to the sample length L, i.e., the crack was loaded in tension mode I. The
fracture experiments were performed at the Institute of
Thermomechanics, Academy of Sciences of the Czech Republic (AS CR),
using the electromechanical testing machine TiraTest 2300 (force re-
solution 0.1 N, displacement resolution 1 pm using LVDT gaging sen-
sors) equipped with special grippers modeling the different border
conditions: i/ with the prescribed constant end displacements (Figs. 1a
and 2a) and ii/ with a partial stress loading on an area d B, enabling
bending (Figs. 1b and 2b). The total shape of the specimens in Fig. 2
was recorded during the tests by means of uEye UI-2250-C CCD camera
(chip size 1/1.8”) with full 1600 x 1200 pts. Crack behavior was ob-
served (with using the same magnification for each crystal) by an
OLYMPUS SZ60 optical stereo microscope installed on the test machine
and monitored on line by a video recorder. The active sample length
(between the grippers) was about L, = 28 mm in the case of the sam-
ples Nol and No2, while for No3 it was L, = 24 mm. During the frac-
ture tests, the loading force P(t), the crosshead displacement AL, and
the crack tip opening displacements CTOD were recorded simulta-
neously (on-line) by means of the optical microscope records. The
camera enabled to detect also the maximum crack opening COD at the
edge of the crack during loading in mode I.

The stress intensity factor was determined from the known relation

K; = Fo,(m a)% whereoy, = P/BW
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is the applied stress and F; is the boundary correction factor depending
on relative sample dimensions and the boundary conditions.

For the sample No2, the same grippers as in [3] were used with
prescribed end displacements (Figs. 1a and 2a) and the shape function
F; (a/W) has been determined by Harris [20] from the relation

F(a/W) = 5/[20 — 13a/W — 7(a/W)*]/2,

similar to [3].

For the samples Nol and No3, the new grippers were used, enabling
bending in the LW plane (Figs. 1b and 2b) under a momentum M. In this
case we utilize the boundary corrections and stress intensity factors
suggested in [18] that can be written [33] as:

F(a/W) = [(2W/ma) tan(za/2W)]2[0.923 + 0.199(1 — sin(wa/2W))4]
/cos(ma/2W),

Ki = Foy (m a)'/2, whereoy = 6 M/BW?2.

We suppose that along the distance d in Fig. 1b a constant stress
distribution acts in the grippers. It leads to the resulting force P acting
at the distance d; = d/2 and to the momentum M = P-d;. In the case of
the sample Vzl the distance d = 4mm and d; = 0.2W, so that
om = 6%0.2WP/BW? = 1.2P/BW = 1.20, and we may use the standard
formulation for K-factor given above with F; = 1.2 F2 and F2 = 4.71 for
a/W = 0.8. In the case Vz3, the distance d = 6 mm and d; corresponded
to 0.25W, i.e. F; = 1.5 F2 with F2 = 2.72 for a/W = 0.7. The needed
data on the relative ratio a/W, further on M and F; are included in
Table 2, including the used crosshead speed VE = 1 mm/min (at Nol
and No2) and VE = 0.2 mm/min for the specimen No3.

In the case of the most favored inclined slip system <111>{11 2}
viewed in Fig. 3 the Burgers vectors lie in the observation LW plane
(110) and so, no slip traces are expected on the surface planes LW in
the perpendicular z-direction. Activity of the slip system leads only to
surface steps on the right free surface of the specimen (in front of the
crack). This is visible as an extension or contraction in W-direction.

For the reasons mentioned above, the fracture test with the sample
No2 was interrupted behind the maximum of the loading force P(t) and
the topography of the sample No2 has been evaluated after the fracture
test by white-light interferometry using the topography module of the
Polytec MSA-500 Micro System Analyzer.

MD simulations

The same sample geometry (i.e. the same ratios a/W, L/W, B/W),
the same crack orientation as in Fig. 1 and the same type of loading as
in fracture experiments on the specimens No2 and Nol have been used
for 3D atomistic simulations in bcc iron via molecular dynamics tech-
nique. Stress calculations have been performed at temperature of 0 K
and 300 K, while the brittle vs. ductile behavior was examined at room
temperature of 300 K, relevant to experiments.

Atomistic samples consisted of 440 atomic planes (1 10) in L-di-
rection, 220 planes (001) in W-direction and 30 planes (110) in B-
direction along the crack front. The total number of atoms in the 3D
crystal was NPOIN = 1452 000.

The initial edge crack has been created by cutting interatomic bonds
across the crack faces and interatomic interactions across the initial

Table 2

Results in Physics 14 (2019) 102450

[T10] [111](112)

[001]

[110]

Fig. 3. Orientation of the crack plane and available inclined slip system: the
letter b denotes the Burgers vector oriented in the direction [I 1 1], lying in the
plane (11 0) and as well in the slip plane (1 1 2). Orientation of the crack front
is [1 1 0]. Observation planes in MD and in experiment are the LW planes (1 1 0)
perpendicular to the crack front.

crack faces have not been allowed during MD simulations. The initial
crack length in the [0 0 1] direction (see Fig. 1) corresponds to a = 88
ao, where ao = 2.8665 A is the lattice parameter in bcc iron by the
potential in use. It corresponds to the ratio a/W = 0.8, relevant for
fracture experiments with the specimens Nol and No2. The crack is
atomically sharp with initial ratio a/c = 124.

Surface relaxation has been performed before the loading to avoid
its influence on crack tip processes. No periodic boundary conditions
were applied. Newtonian equations of motion for individual atoms were
solved in all three directions by a central difference method using stable
time integration step h = 1E-14s.

In simulations at temperature of 300K, random atomic velocities
were prescribed initially for all the atoms in the crystal according to
Maxwell-Boltzman distribution in classical thermodynamics and the
crystal was heated for some period without any loading. When a steady
state was reached in the system with an average value of the kinetic
energy corresponding to temperature of 300 K (i.e. Ey;, = 3/2 NPOIN kg
(300K)), we started with loading of the crystal. It was after the time
step 268 in the presented study (i.e. from t = 269 h).

Similar to our previous work, we use our in-house Fortran sequence
code for MD simulations and the same N-body potential [35] for bcc
iron, tested successfully in many applications. MD simulations are
completed by additional stress calculations on the atomistic level for
purposes of the comparison atomistic versus continuum predictions.
The stress calculations on the atomistic level were performed using the
concept of the so-called interplanar stress [36], since it is able to ade-
quately describe the stress gradient arising when straining is in-
homogeneous in the range of the interatomic interactions, e.g. at in-
terfaces and free surfaces or during dislocation generation. Comparison
with other concepts is discussed in detail in [36]. The fracture char-
acteristics for the potential in use are given in [16], as well as in [17].
(Theoretical values of the Griffith stress intensity factor for the potential
in use are Kg=0906MPam'? for plane strain and
Kg = 0.886 MPam'/? for plane stress conditions.)

To model the crack behavior in the specimen No2, the atomistic
sample was loaded with prescribed end displacements V4 on 6 surface

Results of fracture tests at room temperature: o, = P.,/BW, H = La/2, K;;r = F; 0. (1t @)’/%. The crosshead speed during the tests was Vg = 1 mm/min for the
specimens No1l and No2, and for No3 it was Vg = 0.2 mm/min. The values T/o and biaxiality ratio 8 = (;ta)’/? T/K; are taken from ref. a/, d/. References: YHarris

[20]; ®Fett [21]; “Marchand [33]; 9Sherry [19].

No P, (kN) AL.r (mm) AL (mm) o, (MPa) Boundary con. H/W a/W F; Kier (MPa m'/?) T/o B

Nol 1.80 2.89 4.25 98.52 M = 0.20 WP® 1.4 0.80 5.65 88.12 +1.92° +0.85¢
No2 1.37 0.60 / 75.5 Vi° 1.4 0.80 2.24° 26.75 —-0.782 -0.98%
No3 2.42 1.94 3.87 108 Op, d = 0.5W? 1.0 0.71 5.23° 89.92 +1.96° +0.38%
No3 2.42 1.94 3.87 108 M = 0.25 WP® 1.0 0.71 4.07 70.05 +1.96° +0.60¢
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BW layers at the bottom and the top of the sample in Fig. 1a, loaded in
L-direction. The surface atoms with prescribed displacements do not
enter the time integration scheme.

To study the crack behavior in the specimen Nol, the atomistic
sample has been loaded with prescribed external forces at the top and
bottom of the sample in the directions (I 1 0). The external forces were
distributed to 6 surface BW layers up to the distance d = 0.4 W (see
Fig. 1b), which corresponds to the experiment. The applied stress o,
and the external force per one atom are related via simple relations
Fowe = A710%04 Where A9 = (a0)?/v2 is the area per 1 atom in the
<11 0> direction where ao is the lattice parameter in bec iron. When F,,
is distributed into 6 layers in L-direction then the force acting at one
atom in layer is F(1) = F.,./6. This distribution is used to avoid failure
at the loaded surfaces and to transfer well external loading toward the
crack.

During the simulations we monitored each time step the global
energy balance (WEXT, EPOT, EKIN), the total number of the interac-
tions in the system LINT, further the relative shear displacement U10 at
the crack tip, the maximum crack opening displacements (COD) and
also the crack advance in the middle of the crystal (i.e. at B/2). At
selected time steps, the coordinates X(1i), Y(li), Z(li), the local kinetic
energy Ekin(li) and the coordination numbers KNT(li) of all the in-
dividual atoms li in the system are recorded for purposes of the gra-
phical treatment of MD results. We use our in-house Fortran sequence
code for MD simulations. For visualization of the results in 3D we utilize
graphical codes written in the commercial computing environment
Matlab. We can scan the situation in all the individual (11 0) planes
along the crack front and in the perpendicular planes (00 1) and (1 1 0)
as well, if needed.

Static stress calculations have been performed to see how LFM
works on the atomistic level at temperature of 0K and the dynamic
simulations under higher level of loading discover the micromechanics
of crack growth at temperature of 300 K. Here, 2D visualization of
defects is in gray scale while 3D visualization is in color.

Results and discussions
Experimental results and continuum predictions

In cubic anisotropic crystals the relation between the energy release
rate G and K factor at the crack front is given [18] by

G= C-K?,
= (A11An/2)V2{(Ap/ A1)V? + (2 A1z + Age)/2A11}2.

where C

The elastic compliance coefficients A; follows from the known
strain-stress relations ¢; = Sj; oj.

Under plane strain conditions at the crack front
(e3 = €31 = e32 = 0), the needed A;; constants are given by a relation
Aij = Sij - Sgi Sj3/533 which leads to A11 = 05698, A12 = —02664,
Agy = 0.4470, Age = 0.8621 and C = 0.387 x 10~ ' m?/N. The last
value for Fe-2.1wt%Si differs only slightly from the value
C = 0.386 x 10~ m?/N determined for pure bcc iron in [16]. Under
plane stress conditions the Aij coefficients are replaced by the Sij con-
stants from the matrix above and C = 0.403 x 10~ ' m?/N in the Fe
(2.1 wt%Si) crystals.

LEFM utilizes also the effective elastic constant describing pure
tension, Young modulus. Considering simple tension of a perfect crystal
(i.e. Fig. 1 without the crack) in the L direction [1 1 0] in Fig. 1, Young
modulus under plane stress condition in the B-direction [1 1 0] of the Fe
(Si)crystals is given by the relation E = 1/s55 = 2.189 x 10 N/m?.
Under plane strain condition in the [110] direction E =1/
Any = 2.237 x 10" N/m?, which is the same as in bec iron.

When cleavage crack growth is expected then G = 2y where v is the
surface formation energy for given crack orientation and the corre-
sponding K-factor needed for cleavage is called as Griffith stress
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intensity factor K¢ = (2 v/C)Y2

The experimental value of y for our crack orientation in pure bcc
iron can be estimated from [29] by relation yo — nj;0kgT. Here
Yo = 2.550 J/m? is the value for 0K extrapolated by Miedema [29a]
from high temperature data on surface tension in liquid state of iron
and the second term is a temperature correction by Tyson [29b] where
10 = 1/a02 V2 is the number of atoms per unit area on (11 0) plane,
ap = 2.866 A is the lattice parameter and kg is the Boltzmann constant.
For temperature of 300K and pure bcc iron it gives y110 = 2.48 J/m?,
i.e. 2 y110 = 4.96 J/m>. MD simulations in [16] indicated at the front of
the crack (11 0)[11 0] the strain energy Wy10 = 2 y110 = 3.85J/m? is
needed for cleavage in pure bcc iron under bi-axial tension. The weak
anisotropy of y in bec Fe is discussed in [29c].

As to Fe-Si crystals, some data for low content of Si (3%) can be
found in [4] and [30], but only for crack orientation on a {00 1} plane.
Large scattering of low temperature data y;oo = 1.36-28 J/m? is re-
ported by Gilman in [30] while K;c = 0.9 MPa m'/? close to Griffith
value was reported in [4] at room temperature. It corresponds to about
G = C Kic® = 2y001 = 3.53J/m? using C = 0.436 x 10" ' m?/N for
the crack orientation (001)[110] tested in [4]. By continuum treat-
ment (e.g. in the model by Orowan or in [31]), the surface cleavage
energy 2ypy is calculated as the work done by the stress, needed to
separate two given surfaces and it is proportional to an effective elastic
constant (Cij or E) acting in the crystallographic direction [hkI]. It
means, for Fe-Si crystals we may estimate it from a relation
2v110 = (‘C11/C11) 2y001. Utilizing the elastic constant given above we
obtain an experimental estimate 2y;10 = 4.78 J/m? for temperature of
300 K. It complies well with the experimental estimate 4.96 J/m? for
pure bee iron presented above. The expected Griffith stress intensity for
cleavage initiation of the crack (110)[110] in Fe-2wt%Si could be
Kg(110) = 1.11-1.13 MPam'/? for plane strain and
Kg = 1.09-1.11 MPam'? for plane stress. It follows from the experi-
mental estimates of y1;¢ for pure bec Fe and Fe-3 wt%Si and from the
different C-coefficients for plane strain and plane stress.

The tested crack (1 1 0)[1 1 0] loaded in mode I at room temperatures
is usually ductile (see [9,11,16]) and extends slowly via blunting me-
chanism caused by dislocation emission into the inclined <11 1>{11 2}
slip systems. It is because the available slip system <111>{112}
(Fig. 3) has the largest Schmid factor 0.47 (so that the shear stress 7,4
acting in the slip system and coming from the applied tension stress g4
is 74 = 0.47 0,). Moreover, the slip system in this case is oriented in the
hard anti-twinning direction [16]. As a consequence, the crack itself
does not generate twins and prefers dislocation emission, leading to
crack blunting. The second possibility is an oblique slip system <11 1>
{110} with Schmid factor 0.41. The activity of this slip system at the
short crack a/W = 0.3 was observed experimentally before but only
under cyclic [11] loading in mode I, not under monotonic tension. An
activity of the third possible slip system <111>{123} in bcc is not
probable in our case because of a very low Schmid factor (=0.15, i.e.
sqrt(2/3)*1/sqrt(28)).

When dislocation emission on inclined slip systems is expected, then
by the Rice isotropic model [13] including only K-factor, the energy
release rate can be expressed in a simple form Ggig = vy f(6) where
() = 8/(1 + cos 0)sin® 6 and Yus i so called unstable stacking fault
energy, which is the energy barrier that has to be overcome during
dislocation generation in an available slip system, inclined to the crack
plane under an angle 6. The model [13] is based on Peierls-Nabarro
(PN) model for dislocations. Atomistic simulations [32] have been
shown that the values of Ggq and Kgq = (Ggis/C)'/? by [13] are sig-
nificantly overestimated. Beltz and coworkers [15,16] has been shown
that T-stress can significantly decreases the value Gg; and consequently
Kgis- There is no simple (analytical) relation including T-stress into the
expression for G or K needed for dislocation generation. The PN
equations occurring in the Beltz-Rice model [15,16] have to be solved
numerically. As an example of the T-effect may serve one case in [16]
concerning the central crack (1 1 0)[1 1 0] in the extended crystal of bec
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iron loaded uni-axially with applied stress o, in mode I. The inclination
angle of the available slip systems <111>{11 2} for dislocation emis-
sion is 8 = 54.7° (precisely tg (6) = V2 in bcc lattice) and thus by Rice
model [13] including only K-factor in isotropic continuum Gg;g/
Yus = 7.612. Including T = —o0, into the isotropic model [15] then
Gaist/Yus = 4.27. In our anisotropic case with T = Re(y;ly)
0a = —0.8857 04 one obtains Ggis1/yus = 4.09 which means a drop al-
most 50% (with respect to 7.612) caused by the T-stress. Further de-
crease comes from normal relaxation in the slip system and the final
material parameter Ky = 0.892 MPa m'/2 has been found to be smaller
than Kg = 0.906 MPa m'/? with the used potential [33] for bec iron. In
agreement with the Beltz-Rice prediction, the expected dislocation
emission on <11 1>{1 1 2} slip systems was really monitored by MD in
[16] in this case. The recent MD study [17] confirmed that the Beltz-
Rice model [16] is applicable as well for edge cracks in finite samples
when the boundary correction factors staying at K-factor and T-stress
are included into consideration. Since the unstable stacking fault energy
vus for Fe-Si alloys is not known, we will utilize the value
Kaq = 0.892 MPam'/? which is a reasonable estimate since the elastic
properties of the dilute Fe-2.1 wt%Si alloy are very close to pure bcc
iron. The value can be utilized to determine the yield stress from the
relation oy = Kgiq/(n @)’/ = 5.63 MPa considering the crack length
a = 8mm in an extended crystal.

The direct results of the fracture tests i.e. the diagrams P-AL and P-t
for the individual samples are shown in Fig. 4a and in Fig. 4b respec-
tively. Evaluation of fracture toughness is presented in Table 2, in-
cluding the shape functions F; with corresponding references. The
maximum force from the tension diagrams is denoted as P, and simi-
larly the further corresponding quantities: prolongation of the sample
AL, Oy = P,/BW and K., = F; 0., (m a)/%. The quantity AL, denotes
the final prolongation of the fractured sample. Fig. 4c presents the
stress—strain diagrams for the specimens Nol and No2. It was
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recalculated from Fig. 4a,b as 0 = P/WB and ¢ = AL/L, where the ac-
tive sample length is L, = 28 mm and the dimensions W, B correspond
to average values following from Table 1. The stress-strain diagram was
not evaluated in the case of the specimen No 3 because of its variable
cross section WB along the length L — see Table 1. (The specimen has
been prepared from the remaining part of the cylindrical single crystal
and it served rather for testing of the new bending grippers.)

Table 2 also includes the biaxiality ratio p = T (t @)*/?/K; from the
compendium [19], often used instead of T in engineering applications
(e.g. in [37]), and as well T-stress from the compendium of the elastic
solutions by Fett [21].

For the finite geometry associated with our samples loaded under
mode I, the T-stress can be approximated by a relation [21]: T/o = f (a/
W, H/W) where 0 is a characteristic stress for given type of loading. For
constant displacements V, applied at the borders in mode I it is by [21]
0 = 0, = E V,/H where E is Young modulus. For the boundary condi-
tion with the applied constant stress at the borders the characteristic
stress is 0 = 04. In this case the biaxiality ratio can also be written as
B = f/F where F is the geometric (shape) function in definition K = g, F
(v a)'/? presented in [21].

In the case of partially applied stress acting along a distance d; it can
be written [21] generally as T/o = f(a/W, H/W, d;/W). The tabulated
values of the shape function f from [21] for the individual specimens
are included in Table 2.

The problem is that while the elastic solutions by Fett for constant
displacement boundary condition [21] can be successfully used in a low
elastic region of loading, the solutions lost their validity in nonlinear
and elasto-plastic region of loading. The characteristic stress o, for the
specimen No2 at the maximum of the tension diagram P-AL, i.e. at
AL, = 0.6mm reaches a very high level o,=E AL,/
Lo = 2.189 x 10" N/m?#(0.6/28) = 4.69 GPa, exceeding the conven-
tional yield stress limit Rpg, = E¥0.002 = 440 MPa, representing a
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Fig. 4. Records from the fracture tests: a/ total force P vs. prolongation AL; b/ total force P vs. time. Crosshead speed VE = 1 mm/min was used for the specimens
Nol and No2 and VE = 0.2 mm/min for the specimen No3; ¢/ stress-strain diagrams for the specimens Nol and No2.
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limit for using LFM in practical applications with technical ductile
materials. To avoid the problem, we utilize the boundary correction
factor by Harris [20] and the characteristic stress 0 = P/WB for K-
factor. The reasons are explained more in detail in Section “MD results”.

Moreover, the value K., for No2 was checked in two ways: an R-
curve [9,12] was constructed in the same way as in [9]: at selected
values P(t), the crack tip opening (CTOD) was measured from the video
records, the effective crack length was defined as a.; = a + apjun: Where
Qpiune = CTOD/2 and the effective K-factor was determined according to
the relation Ryq = C KZ%;, where R, denotes the maximum of the
curve R=C Kz(aeﬁ) and C is the elastic coefficient for plane stress or
plane strain. The maximum of the R-curve corresponds to fracture
toughness K5 = 30.2 MPa m'/2. Another check was the determination
of the crack driving force according to the relation G, = 2 V(x)* 0y,
from [12], where 2 V(x) stands for the maximum crack opening. In the
case of the sample No2 (see Fig. 2a), the maximum crack opening COD,,
corresponds approximately to CTOD and AL.,. Taking 2V
(x) = COD., = 0.6mm and 0,; = 5.63 MPa (as suggested above) we
obtain the estimate G. = 3378 J/m and the corresponding values Kc
(ps) = 28.95 MPam'/?, Kc(pd) = 29.54 MPam'/? which agrees well
with K, presented in Table 2 (utilizing F; by Harris [20]). Here the
abbreviation (ps) means plane stress and (pd) plane strain (deforma-
tion).

In the case of the samples Nol and No3 loaded with the bending
grippers the situation is different (see Fig. 2b). Here the maximum crack
opening at the edge of the crack (COD) differs from the maximum crack
tip opening displacements CTOD measured from the on-line microscope
records. We evaluated COD,, from the camera records at the time cor-
responding to P, and after that calculated Gc = COD.,* 0y

COD,,(Nol) = 4.51 mm, Gc(Nol) = 25391 J/m?, Kc(ps) = 79.38,
Ke(pd) = 81.00MPam'/?,
COD,, (No3) = 2.33mm, Gc(No3) = 13135J/m?, Ke(ps) = 57.09,
Kc(pd) = 58.26 MPam'/2,

This independent estimate of the fracture toughness K. for the
specimen Nol complies well with the critical value K, from Table 2. It
is not so in the case of the sample No3 because of its terrible shape and
thus we exclude No3 from further considerations. (It served rather as a
test specimen for the new bending grippers).

The ductile fracture for this crack orientation was accompanied by
an extensive crack blunting in all the samples under increasing loading,
which is illustrated in Fig. 5 where the details at the crack front from
the on-line microscope are shown for the individual specimens under
the critical loading P,,. The inclination angle (6 = 55°) of the slip bands
indicates that the <11 1>{1 1 2} slip systems have been activated at the
front of the (110) crack. The behavior of the specimens behind the
maximum P, is discussed below. Note that while dislocation emission
on the inclined slip systems <111>{11 2} causes crack blunting, the
emission on oblique slip systems (e.g. on <111>{11 0}) creates jog in
the crack front which may cause crack deflection. This probably con-
cerns the specimen Nol in Fig. 5.

1 mm
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Topography of the specimen No2 in Fig. 6 shows that no significant
changes at the sample surface LW in the perpendicular z-direction
[11 0] are monitored at the crack front (see the lower part in Fig. 6a,b)
since the Burgers vector of the active slip systems <1 11>{11 2} lies in
the observation plane (1 1 0) — see Fig. 3. Significant changes are visible
in Fig. 6¢ in the vertical direction, where the plastic deformation of the
sample width W reaches of about 240 pm, while along the free surface
in horizontal direction the z-coordinate varies slightly in the range by
about 4 um. This is caused by dominant activity of the inclined slip
systems <111>{11 2} which is clarified in the next Section “MD re-
sults”.

As to T-stress, it can reduce or increase the critical shear stress for
slip processes on the inclined slip planes. It can be easy understood via a
continuum model by Rice [34], where the critical shear stress 7, in a slip
system inclined with respect to the crack plane under an angle 6 is
reduced via a simple interchange 7. — 7, + T sin 6 cos 0. It may be seen
that negative T-stress will make the dislocation generation at the crack
front more easy, while positive T-stress will increase the stress barrier
for dislocation generation which makes it more difficult. It is docu-
mented in Fig. 7 where the experimental dependencies P vs CTOD are
presented for the specimens No2 with T < 0 and Nol, No3 with T > 0
according to [21,19] — see Table 2. The quantity CTOD reflects crack
blunting caused by dislocation emission or motion of pre-existing dis-
locations on the inclined slip systems <1 11>{1 1 2} at the crack front.
Fig. 7 shows that higher external loading P is needed for the samples
Nol, No3 with positive T-stress to reach the same CTOD (i.e. crack
blunting) in comparison with the sample Vz2 with T < 0. This com-
plies with the prediction by Rice [34] mentioned above. The sign of the
T-stress in our anisotropic crystals is treated below on the atomistic
level.

MD results

The static stress field in front of an atomically sharp crack in the
elastic phase of loading can be described sufficiently well by the two
parametric LFM including K-factor and T-stress [16]. In an anisotropic
continuum at distance r from the crack tip along the axis of crack
propagation (angle 6 = 0), we may write

Re(u;14,)K1 Ky
Oy =——"7—=——+T, oOy= ,
XX 27t W anr (@)

where Re(y;1) is an anisotropic factor depending on the crack or-
ientation. Under plane strain conditions prevailing in the middle of our
crystal, — Re(y1115) = +0.8857 [16] for the crack orientation (I 10)
[1 1 0]. In the isotropic case, it is — Re(p112) = + 1. The relation between
K; and T in an extended anisotropic crystal loaded under uniaxial ten-
sion mode I can be written as T = Re(lu1112) K/(ww a)*/? which follows
from [16]. If a finite crystal with an edge crack is considered, then the
boundary correction factors have to be included. This is treated bellow.

Prescribed end displacements (MD model for the specimen No2)
The treatment by Fett [21] for isotropic continuum under the

%

1 mm 1 mm

Fig. 5. Crack opening at the maximum of the total force P(t) for the individual specimens (visualized from the left to the right): Nol; No2; No3.
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Fig. 6. Topography on the LW surface (1 1 0) of the specimen No2 before and after fracture test via the white light interferometer: a/ initial state before loading at the
crack front; b/ final state at the crack front; ¢/ final state at the edge perpendicular to W-direction [0 0 1]. The dashed line denotes where the z-coordinate in the

lower part of the figure is measured.

constant boundary conditions need to be modified for our anisotropic
case. We may replace the isotropic elastic constants occurring in the
solution via relations E = 1/A22 = 2.237 x 10** N/m? and Poisson
ratio v with an average value v = 0.3 mentioned above. We extra-
polated the data for H/W = 0.25, 0.5, 1 given in [21] to our value H/
W = 1.4. We have gained F;~ 0.80 and T/0,= —0.78 = f; (in Table 2)
relevant for our MD simulations with the edge crack a/W = 0.8 under
the constant displacements conditions.

Static stress calculations on the atomistic level presented below
have been performed at initial temperature of OK in agreement with
continuum models where no thermal activation is considered.

In the treatment by Harris [20] the characteristic stress is given by

the measured external force P according to the relation o0 = P/WB and
by the shape function F; = 2.24 for a/W = 0.8 (see Table 2). (Note that
the T-stress was not treated in [20].) In MD simulations with the pre-
scribed end displacements V, the external tension force P acting at the
bottom and the top of the crystal in Fig. 1 should be equal to resulting
interatomic force RF = ZR,(li) in one half of the crystal loaded with the
prescribed end displacements. Here R, (li) denotes the normal compo-
nent of the resolved force at one individual atom li, acting in the normal
direction n = [1 1 0] (see Fig. 1). Time development of RF during a re-
latively slow loading rate 14.7 A/20000h is shown in Fig. 8a. The
horizontal line near the time step 0 is caused by the flight time of the
loading waves needed to travel from the upper sample border to x-axis
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Fig. 7. The dependence total force P vs. CTOD for the specimens with the dif-
ferent border conditions: No2 — constant displacements with negative T-stress,
VE = 1 mm/min; Nol - applied stress enabling bending with positive T-stress,
VE = 1 mm/min; No3 - applied stress enabling bending with positive T-stress,
VE = 0.2 mm/min.

(for the fastest C; waves in the normal [1I 1 0] direction it takes about
710h). In the linear phase of loading, no change in the number of the
interactions LINT was detected until the time step 10750 and the ki-
netic energy in the system was very low. The first maximum at time step
~11100 indicates dislocation generation, accompanied with an in-
crease in the kinetic energy and in number of interactions LINT in the
system. Dislocation emission to further distances from the crack tip is
monitored [38] at time step 11 600 leading to decrease of RF in Fig. 8a.

To compare the solutions by Fett [21] and Harris [20] in MD model
we decided to obtain the static solution under a higher applied dis-
placement V, = 7.35A (which corresponds to time step 10000 in
Fig. 8a, close to the nonlinear region of loading). The static solution was
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obtained utilizing after the time step 10 000 h a viscous damping term
in Newtonian equations of motion corresponding to critical attenuation
for the basic mode of sample vibrations A. = L. The results are shown in
Fig. 8b. The equilibrium static value of the resulting force is
P = RF = 0.2595 x 10~ °N. The stress components in front of the crack
in the middle of the crystal (at B/2) are shown in Fig. 8c. Here the
distance from the crack tip on x-axis is denoted by means of the di-
mensionless parameter r/ao where ao is the lattice parameter. Similar
to [17], the stress component Sx and Sy are corrected by the relatively
small initial stress arising after the surface relaxation. Note that the
third stress component Sz in MD is positive (Sz > 0) which means that
plane strain conditions prevails [17] in the middle (at B/2) of the nano-
sized crystal. The T-stress in MD is determined from the relation
Twmp = Sx — 0.8857 Sy following from the anisotropic LFM equations
given above. The anisotropic LFM prediction is denoted in Fig. 8c by the
lines, using F; = 2.24 and 0 = P/WB = 1.356 GPa by Harris [20] which
gives K;=F; 0 (n a)*/? = 0.855 MPam'/2. For T-stress, an average
value Typ = —2.72 GPa is used, following from MD results in the in-
terval r/ao € < 1, 10 > . As may be seen in Fig. 8c the T-stress from MD
with the constant displacement condition is negative (unlike the posi-
tive T-stress under constant stress boundary conditions presented in
Fig. 8 in [17]). This Typ complies fairly well with continuum predic-
tions T = —2.878 GPa by Fett [21] utilizing o, and f; defined above.

However, the elastic estimates for the stress o, = E V4/H = 3.690
GPa and for the resulting force P = 0y WB = 0.71 x 10 °N are sig-
nificantly larger in comparison with the treatment by Harris and by MD,
similarly as the work W = P V, done by the resulting force P acting at
the bottom and the top of crystal. By Fett it is Wy = 5.200 x 10716 J
and by Harris and MD it is Wy = 1.907 x 10~ '® J. The last value by
Harris agrees well with an independent atomistic value for the static
potential (strain) energy AEPOT = 1.861 X 10~'® J monitored in MD
under prescribed end displacements V, = 7.35 A at the borders. (As
mentioned in Section “MD simulations”, the potential and kinetic en-
ergy in the MD atomistic system are monitored in each time step.)

In nonlinear region of loading, the presented results show that a
combination of LFM solutions by Harris [20] for K-factor and by Fett
[21] for T-stress is acceptable in the case of constant displacement
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Fig. 8. MD results at 0K for the constant displacement boundary conditions (model for No2): a/ time development of the resulting force RF acting in the normal
direction in one half of the crystal under linear loading AV,/At = 14.7 A/20 000 h (AK4/At = 0.01 K¢/ps); b/ static solution for RF corresponding to prescribed end
displacements V, = 7.35 A; ¢/ static elastic stress components at the crack a/W = 0.8 under the prescribed end displacements V = 7.35 A. The lines (—) denote
LEFM prediction with K; by Harris [20] and with an average constant T-stress following from MD. Circles (o) denote atomic stress from MD and ao is the lattice

parameter in bcc iron.
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boundary conditions, as it was done in evaluation procedure of the
experiment with the specimen No2.

In linear phase of loading the dynamic value of RF(t) at time step
10000 in Fig. 8a is somewhat higher in comparison with the static
value and consequently also the applied stress intensity: RF
(® = 0.2715 x 10" ®N, o(t) = 1.416 GPa, F; = 2.24 by Harris [20],
Ka(t) = 0.893 MPam'/? = 1 K; with the used potential for becc iron
(see Section “MD simulations”). It means that in elastic region the
loading rate can be characterized by means of AK,/At = 0.01 Kg/ps
(since 100 h = 1 ps). This notation is often used in crack simulations as
it enables a comparison of different MD results and also to determine
the instantaneous applied stress intensity via a relation
Ka(t) = At*(0.01 K;/ps), where At =t — 268 h, t = n h and n means a
time integration step. The maximum of RF-curve in Fig. 8a (near the
time step 11 100) represents the critical force RF = 0.293 x 10~ ®N for
dislocation generation in the atomistic 3D model. The critical level of

the applied stress intensity at this point corresponds to
Ka(tg) = 0.963 MPa m'/? (according to Harris treatment [20]) which
exceeds the K-factor needed for dislocation generation

K = 0.892 MPa m'/? by continuum model [16] and so, dislocation
emission of complete dislocations in 3D is monitored at time step 11
600 in MD simulations with initial temperature of 0 K, which decreases
the strain energy in the system [38] and also the resulting force RF in
Fig. 8a. It is similar to P-t diagram in fracture tests with the specimen
No2.

Figs. 9 and 10 comes from MD simulations at 300K and they are
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Fig. 9. MD results at temperature of 300 K (model for No2) - detail at the crack
front from the dislocation emission on the <111>{11 2} slip systems under
loading rate 0.01 Kg/ps: a/ the first emission in the upper part of the plane
(110) at time step 11 700, i.e. at the applied stress intensity K4(t) = (11700h
—268h)*0.01 Kg/ps = 1.14Kg; b/ the delayed second emission at time step
15,000 in the lower part of the plane (110); ¢/ 3D visualization of the first
dislocation emission by means of the coordination numbers KNT: the detail
shows the emitted dislocation via red atoms with KNT = 16-17 and a part of
the sample surface (LW) with the inclined crack faces via blue atoms with
KNT = 10. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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related to fracture tests of the specimen No2 at room temperature. The
atomistic sample in MD was heated initially at 300 K during 268 time
steps and after the time step 268 h the sample was loaded gradually via
the prescribed end displacements V,(t) increasing linearly with time t.
Here we present the results for the same loading rate AV4(t)/
At = 14.7 A/20 000 h as above for 0 K. While at low temperature (close
to 0K) a simultaneous pair emission of the curved dislocations was
monitored in [38] on the upper and lower slip systems <111>{112}
above and below the crack plane, at temperature of 300 K the emission
was not simultaneous due to a random character of thermal atomic
vibrations that can support the process. The first emission at 300 K was
detected on the upper slip system <111> {112} at time step 11,700
(see Fig. 9a) under the applied end displacements Va(t) = 8.403 A
which corresponds to Ka(®) = (11700h — 268 h)*0.01 K/
ps = 1.14 K. This is lower in comparison with 0K where the first
emission was detected at time step 11,600 at V,(t) = 8.526 A and
Ka(t) = 1.16 Kg. It can be explained by thermal activation of the pro-
cess, similar to continuum model presented in [14].

The second emission at 300 K is delayed in MD by 33 ps. It occurred
at time step 15 000 in the lower symmetric slip system <1 11>{11 2} as
shown in Fig. 9b. This figure also shows that the asymmetric dislocation
emission leads to ledge formation in the crack front which makes the
subsequent emission more easy — see e.g. [39]. Ledge formation in the
crack front after the asymmetric dislocation emission may explain the
oblique crack blunting monitored in the case of the specimen No2 - see
Figs. 5b and 6. 3D visualization of the first dislocation emission from
the crack front at 300K is shown in Fig. 9c by means of the local co-
ordination numbers KNT of individual atoms. The surface atoms with
KNT = 10 are shown via blue color (including crack faces) while the
interstitial atoms in the dislocation core with KNT = 16-17 are shown
via red color. Note that the KNT numbers are valid for the used short-
ranged potential and they may differ for other interatomic models with
a longer range of interactions.

Fig. 10a shows the final crack shape and the surface steps on the
right free surface at the end of MD simulations. The figure illustrates
how the dislocation emission in the inclined slip systems <111>{11 2}
contribute to crack opening and crack growth. When dislocations arrive
to the right LB free surface (00 1) they create surface steps visible also
in Fig. 9. The surface steps contribute to lateral plastic contraction of
the sample width (W), but it does not concern the sample thickness (B)
since the Burgers vector lies in the LW plane. Such behavior was
monitored in fracture test with the sample No2.

The quantity that describes well the dislocation emission <111)
{11 2} at temperature of 300 K is the relative shear displacement U10/
b at the crack tip. Here, U means the displacement of one slip plane in
the direction of the Burges vector b, UO is related to the slip plane where
the crack tip (bounded) atom lies in the position r = 0 (see Fig. 8), Ul is
related to the slip plane where the nearest left neighboring (free) atom
lies in the position r= —lao on the free crack faces and
U10 = Ul — UO. Time development of U10/b at the crack tip in the
middle of the crystal No2 is shown in Fig. 10b. The first dislocation
emission is complete when U10/b reaches the value 1, which is already
near by the time step 11 500, while graphically it shown at the step
11700 in Fig. 9a. When the second emission occurs in the lower slip
system (Fig. 9b, time step 15 000), the relative shear displacement U10/
b corresponds to a value ~2 in Fig. 10b, ... etc. The detail from the first
emission is shown in Fig. 10c. Here, the relative shear displacements
U10 determines the local shear strain U10/h;;, arising during the first
emission between the neighboring {1 1 2} planes with interplanar dis-
tance h;;,. Corresponding time development of the shear stress ty;, at
the crack tip on the slip system <111>{112} in the middle of the
crystal (at B/2) from MD simulations at 300 K is shown in Fig. 10d. This
value is calculated from the atomic stress components Sij on the x-axis
atr = 0 (see Fig. 8c) as tp = V2 (Sy — Sx)/3, where for the angle 6 = 0
on the x-axis the shear stress components Sxy = 0. (Precise relations for
the shear stress in slip system <1 1 1>{1 1 2} are given below). The crack
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Fig. 10. MD model for No2 at 300 K. a/ complete edge crack at later time step 20 000 (K4(t) = 1.973 K;) after multiple dislocation emissions, visible via the surface
steps on the right free surface; b/ time development of the relative shear displacements U10/b at the crack tip in the middle of the crystal (B/2) during the multiple
dislocation emission <1 11>{1 1 2}; ¢/ a detail from the first emission; d/ corresponding time development of the shear stress 7,12 at the crack tip during the first

emission.

tip values Sij on the x-axis are valid in the interval < 0, +ao/2 >,
which for 7y, corresponds to an interval < 0, +b > in the slip system
<111X{112}.

Due to random thermal atomic motion in MD at 300K, the quan-
tities in Fig. 10b-d oscillate. Oscillations in the relative shear dis-
placements U10/b are smaller since they depend just on the resulting
forces acting at the crack tip atoms, not on the stress. As mentioned in
Section “MD simulations”, MD simulations need not the stress, they
utilize only the displacements and interatomic forces acting at the in-
dividual atoms. The complementary, additional stress calculations are
performed just for comparison with continuum predictions. In MD si-
mulations with initial temperature of O K, the interplanar stress at the
crack front has a smooth, monotonic course as in Figs. 8c and 11 or e.g.
in [17]. At elevated temperature of 300 K, the random thermal atomic
motion causes random changes in local number of interactions at an
atom and as a consequence, the atomic stress oscillate in time and
dislocation emission differ in comparison with the temperature close to
0 K. Nevertheless, even the oscillating shear stress in Fig. 10d reflects
well the first emission <111> {112} near by the time step 11 500,
where it moves from the one lower average level to the higher average
level corresponding roughly to the critical shear stress t. = 16.3 GPa
[40] needed for the dislocation emission on the <11 1>{1 1 2}slip sys-
tems with the used potential [35]. The critical shear stress is denoted in
Fig. 10d by the line. It represents an interior stress barrier (lattice re-
sistance) for dislocation generation, as follows from the block like shear
(BLS) simulations in perfect bec iron crystals [40]. (Note that a normal
relaxation between the {11 2} slip planes (observed in MD crack si-
mulations [16]) decreases the stress barrier and consequently the cri-
tical value Ky, as presented in [16]).

The atomic stress in Fig. 10d represents the part of virial stress [41]
coming from the potential energy in the system and depending just on
interatomic forces and atomic positions. The study [41] demonstrates
that the interatomic force term is a valid stress measure and can be
identified with Cauchy stress in continuum under external loading. The
second term (thermal pressure) coming from the average thermal ki-
netic energy in the system at temperature T = 300 K can be approxi-
mated [42] by the average stress components "Sxx = "Syy = "Szz = kg
T/Vo, where Vo is the volume per one atom. This term is associated
with thermal expansion in the system.

The critical shear stress in the Frenkel sin model (utilized by Rice in
[13]) corresponds to the critical relative slip displacement Au = b/4
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and it is given by the relation tg = ub/2sth, where p is the shear mod-
ulus for a considered slip system with an interplanar distance h between
the slip planes. The shear modulus and the interplanar distance in the
case of the slip system <111>{112} in pure bcc iron correspond to
u = (Cy; — Ci3 + C44)/3 = 71.4GPa and h = ao/V6 which leads to a
large critical value of the shear stress tg; = 24.1 GPa. As follows from
block like shear simulations in the perfect bce iron crystals [40] with
our nonlinear atomistic model [35], the critical shear stress is lower
(t. = 16.3 GPa), but the critical slip displacement is practically the
same, i.e. Au=b/4. It means that the local critical shear strain for the
slip system <111>{11 2} is Au/h = 0.53, independently on the model.
However, mechanical stability of the bcc lattice requires to include at
least the interactions between the first and the second neighboring
atoms in the lattice [44]. It means that the range of the interaction
between the {11 2} planes includes in the bcc lattice at least the first
and the second neighboring planes {11 2}, which is the case of the
potential [35] in use. Thus, the critical shear strain can be eventually
defined as (b/4)/2h = 0.265 from the continuum point of view. This
corresponds to g = 12.05 GPa. Elastic estimate of the critical shear
stress T = 1*0.265 = 18.9 GPa is akin to an average Frenkel value
tr = 18.07 GPa, lying closer to the BLS value of 16.3 GPa following
from our atomistic model.

To illustrate the stress state by LFM during the first emission in MD,
the situation in Fig. 9a for the upper inclined slip system [1 1 1](1 1 2)
will be analyzed.

After transformation of the stress tensor from the original co-
ordinate system x; = [001], x, =[110], x3 = [11 0] (relevant for Eq.
(1)) to a new Cartesian system ‘x; = [11 1] — direction of the Burgers
vector by, ‘x; =[112] - normal direction to the slip plane and
‘X3 = X3 = [110] — direction of the crack front, we obtain the shear
stress acting in the inclined slip system as:

(o} - -
Ty = Opr = Tz(ayy — Og) — T"y for6 = 55°, [111]112),
V2
or iy = %oy — —T.
bl Or 3 (2)

Here °0g; = %0, (K, W1, W2, 7, 0) is the part of the shear stress
without T, depending just on the stress intensity factor K; at the crack
front, further on the distance r from the crack tip, on the inclination
angle 6 and the complex variables 1, |1, for given crack orientation in
anisotropic continuum. As well the individual stress components oyy,
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Fig. 11. MD model for No1 at 0 K. Static elastic stress at the crack a/W = 0.8 under small applied stress 0, = E/1000 = 0.22 GPa along the distance d = 0.4 W at the

borders. Lines (—) denote LEFM prediction with average values Ky = 0.387 MPam

/2 and Typ = 1.44 GPa determined from MD results. Circles (0) denote atomic

stress from MD and ao is the lattice parameter in bcc iron: a/ stress component Sy; b/ stress component Sx; ¢/ T-stress.

Oxx and oy, depends on C, |, [y, 7, 6. For our crack orientation it is
treated in detail in [43] utilizing the elastic constants for bec iron from
[35]. For plane strain conditions it leads to °cg, = 0.362 K;/(2nr)"/?,
close to isotropic case where the coefficient is 0.363. For plane stress
conditions, the coefficient is slightly larger due to different values i, po,
The relation above shows that the negative T-stress for the used con-
stant displacement conditions will increase the shear stress in the slip
system, [111](I12) which support dislocation emission in this slip
system. (This is valid both for atomistic and experimental samples, but
the level of the T-contribution will be different in the two cases as
discussed below.) If we suppose that the stress intensity K; at the crack
front reached (during the dynamic loading) the level of the material
parameter Kgq = 0.892 MPam'/? predicted for bee iron in [16], then
the LFM shear stress %0y, at the nearest distances r = b/4, r = b/2 and
r = b from the crack tip corresponds to 0o, (b) = 8.18 GPa, %0q, (b/
2) = 11.56 GPa and %0q,(b/4) = 16.35 GPa. Here b = aov3/2 means
the magnitude of the Burgers vector in the bcc lattice. The atomistic

results in Fig. 8c correspond to biaxiality ratio Byp = —0.9 that can be
utilized to evaluate the T-stress corresponding to K; = Ky from the
relation p = —0.9 = (ma)'? T/Kgy in the atomistic sample No2. For

a = 88ao in MD, the T-contribution to the shear stress — v2 T/
3= +4+1.34GPa which leads to 7tp(b) =9.52GPa, 1, (b/
2) = 12.90 GPa and 7t,,(b/4) = 17.69 GPa. The last value exceeds the
stress barrier t. = 16.3 GPa for dislocation formation in the inclined
slip systems <11 1>{11 2} following from the potential in use and so,
dislocation emission <11 1>{11 2} is theoretically possible both from
the atomistic and continuum point of view.

Note that the distance b/4 represents the critical shear displacement
in the Frenkel sin model utilized in [13], and approximately as well in
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atomistic models, where the shear stress reaches the maximum - the
stress barrier for dislocation generation (see e.g. Fig. 7a in [40]). At the
distance b/2 the models reach the maximum of the potential energy (yus
in [13] or Fig. 5a in [40]) needed for dislocation formation. The dis-
tance b in bee corresponds to the distance between the first neighboring
atoms.

The simplified quasi-static LFM analysis above shows: i/ the mag-
nitude of the T-stress contribution in the atomistic samples is significant
due to the short crack length; ii/ if the T-stress is included into LFM
description, the shear stress in the nearest vicinity of the crack front is
sufficiently high to overcome the stress barrier for dislocation emission
<111>{112} in the atomistic model No2 with the prescribed end
displacements and negative T-stress.

In finite atomistic samples under dynamic gradual loading, the level
of the applied stress intensity K4(t) coming from the loaded borders
differs from the instantaneous value of Kj(t) at the crack front. The
difference is given approximately by the flight time At = (L/2)/VL
needed for the longitudinal (L) waves to transfer information from the
loaded border to the crack front. In our case it corresponds approxi-
mately to about 838 time integration steps h. (Here, the same Young
modulus E = 223.7 GPa as above has been used to estimate the velocity
of the longitudinal loading waves Vy.) The level K4 (t) = Ky is reached
at the loaded borders at time 10 113 h, while on the x-axis at the crack
front it will be later at (10113 + 838)h, i.e. roughly at time step
~11000. Independent atomistic results in Fig. 10c show that the gra-
dual process of dislocation generation starts roughly at this time step.
More precise determination of Ky(t) at the crack front is possible in MD
simulations with initial temperature of 0K via linear extrapolation
procedure from the normal stress component Sy at the crack front
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according to Freund definition K; = lim,_.o (Sy(r) *(2nr)*/?). It was done
e.g. in [16], but not here due to the oscillations of the atomic stress at
elevated temperature of 300 K.

We should also note that the relation tu; = %0, — V2 T/3 is
equivalent with Rice prediction [34] for the inclined slip systems at the
crack tip. If one assumes that dislocation emission is possible at t,; = 7.
then %0g,; = T + TsinBcosh, because sinbcosd = v2/3 in the case of the
inclined slip systems <11 1>{11 2} in the bcc lattice. The right site of
the equation 7. + TsinBcosO is the new corrected stress barrier by Rice
in [34] that must be overcome by the classical LFM shear stress 00y, free
of the T-contribution.

Partially applied stress at the borders (MD model for the specimen Nol)

Testing of the specimen Nol was modeled in MD by means of a
partially loaded sample shown in Fig. 1b along the distance d = 0.4 W.
Fig. 11 shows the static elastic stress components Sy, Sx and T-stress in
elastic region of loading under o, = E/1000 = 0.22 GPa. MD results are
shown via circles (o). We evaluated an average stress intensity factor
Kup = 0.387 MPam'? from the Sy-component (Fig. 11a) in the in-
terval of positive values r/ao €(1, 8) in front of the crack. Similar to
Fig. 8, the individual values of the T-stress are determined from the
relation Typ = Sx — 0.8857 Sy which yields the average value
Typ = +1.44GPa in the interval r/ao (1, 8). It leads to biaxiality
ratio Buyp = Tup (7t 88 20)/2/Kyp = 1.047. The values Kyp and Tyyp are
used for the theoretical LFM description in anisotropic continuum by
the relations (1). In Fig. 11a, b, ¢ one may see that LFM lines describes
satisfactory well the independent stress calculations on the atomistic
level. According to Table 2, the expected values of the stress intensity
and of the biaxiality ratio for o, = 0.22 GPa are: K; = F; o, (70 88 a0)"/
2 = 0.348 MPam'/? and B = 0.85 by the compendium [19]. These va-
lues by isotropic continuum predictions do not differ significantly from
the independent anisotropic MD values and so we may state that eva-
luation of the experiments by Table 2 is eligible (satisfactory).

The simulations at temperature of 300K for Nol have been per-
formed in a similar way as in the previous run modeling No2. The
atomistic sample (modeling Nol) was heated without any loading up to
the time step 268. After that the atomistic sample was loaded gradually
(linearly in time) from zero up to 2 og during 20 000 h where o is the
Griffith level of loading. It corresponds to loading rate AKu/
At = 0.01 K¢/ps, as in the case No2. Partial loading at the borders (see
Fig. 1b) corresponded to d = 0.4 W (the model for Nol) with F; = 5.65
by Table 2, so that og = 0.57 GPa as follows from the relation K; = Kg.

In these MD simulations, a mixed brittle-ductile character of crack
initiation was monitored — see Fig. 12a. Beside bond breakage at the
crack, one may see in Fig. 12a as well a generation of the blunting
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Fig. 13. Activity of the individual slip systems in MD model for Nol at 300 K:
a/ incomplete dislocation emission [1 1 1](1 1 2) in the middle of the crystal (B/
2) by means of the relative shear displacements U10/b at the crack tip; b/
corresponding time development of the shear stress 71, at the crack tip during
the dislocation generation; ¢/ oblique dislocation emission [111](01 1) from
the second surface layer (11 0) at the lower crack face by means of U10/b; d/
corresponding shear stress 747, at the lower crack tip.

Fig. 12. MD model for Nol at 300K: a/ crack in-
itiation at time step 13 000 (K4(t) = 1.273 K) in the
second surface layer (110) accompanied by dis-
location generation in the <111>(1 1 2) slip system
above the crack and, in the lower part, by disloca-
tion generation on oblique slip system <111)>
{011}, denoted by the arrow; b/ scheme of the
oblique system with a (01 1) slip plane and Burgers
vector b = ao/2[1 1 1], where our observation plane
(110) is indicated by the dashed line; ¢/ slip pat-
terns arising in the observation plane (110) after
the oblique slip in the perfect bee lattice; d/ 3D vi-
sualization of the oblique emission in MD at time
step 13 800: view toward crack faces (1 1 0) shows a
dislocation loop (red atoms) near the free surface
(green atoms) and the crack front (blue atoms)
generating vacancies (green atoms). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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dislocation <111> {112} above the crack tip and generation of the
oblique dislocations <111> {011} at the lower crack face shown via
the arrow.

As to the upper inclined slip system [1 1 1](1 1 2), the shear stress is
described by the relations (2) as in the case of the atomistic model No2,
i.e. Tp; = %0p, — V2 T/3, but the T-stress is positive in the atomistic
model Nol (unlike the model No2). The configuration in Fig. 12a re-
presents just generation, not the emission of the complete dislocation
<111>{11 2} to larger distances from the crack tip as in Fig. 9. This is
documented by means of the relative shear displacement and the shear
stress at the crack tip in Fig. 13a,b from the middle of the crystal Nol.
The figures show that U10/b does not reach the value 1 and the average
value of the shear stress 7,12 at the crack tip during the generation
process lies below the critical value of 16.3 GPa needed for dislocation
emission (denoted by the upper line). Instead of, the shear stress de-
creases to zero, since the crack tip atom finds itself on the free crack
face after an elementary crack advance. The shear stress at the crack tip
has been calculated from the atomic stress components Sij in the same
way as in the case of the model No2, i.e. t115 = V2 (Sy — Sx)/3, where
the component Sx intrinsically includes the T-stress. This complies with
LFM treatment. The component °og, is the same as in MD model No2,
i.e. %0, (b/4) = 16.35 GPa for K; = Ky, but the contribution from the
T-stress is different. Taking into account the biaxiality ratio 8 according
to Fig. 11c as Byp = +1.047, we obtain from the relation Byp =T
(ma)’?/K 4 a value T = + 3.32 GPa. It causes by LFM a decrease of the
shear stress at the crack tip to a level tp,,(b/4) = %0y — V2 T/
3 = 14.78 GPa that is lower than the critical shear stress t. = 16.3 GPa
needed for the complete dislocation emission <111>{11 2} with the
used potential from [35]. It is clear that in atomistic model Nol, the
positive T-stress makes the emission of the blunting dislocations more
difficult.

Beside generation of the blunting dislocation, one may see in
Fig. 12a below the crack as well a small crack deflection (at the arrow)
that can arise after dislocation emission on the oblique slip systems
<111>{01 1} illustrated by the scheme in Fig. 12b,c. Here the shadow
plane with Burgers vector b = ao/2 [1 1 I] shows the slip plane (01 1),
while the dashed lines indicate our observation plane (1 1 0). The plane
(011) intersects our crack front [11 0] in the oblique direction under
the angle 45°. Fig. 12c shows the slip patterns arising in the observation
plane (1 1 0) after the oblique slip in the perfect bec lattice. The oblique
slip leads to separation of the {11 2} slip planes which is denoted in
Fig. 12c by the double arrow. It may contribute to decohesion along the
slip planes {1 1 2} and lead to crack deflections, as observed in MD and
as well in fracture test with the specimen Nol.

If we introduce at the crack tip a new coordinate system x;” = [1 1 1]
(b-direction), x5’ = [011] (n-direction) and x3" = [2 1 1] (the perpen-
dicular direction) instead of the original system x =x; = [001],
y=%,=[110] and z = x3 = [110], then by transformation of the
stress tensor in anisotropic continuum, the shear stress acting at the
crack tip in the direction b (see Fig. 12b) is given by

T = + Ox — UZZ), oy = 0ij(iy, My, 1, ), 6 = —55°,

53

%= %% +

NG

on[111](011).

Here 6 means the angle between the original x-axis and the line
where the slip plane (01 1) penetrates the observation plane (11 0).
Unlike the inclined system <1 11>{11 2} treated above, in the case of
the oblique system [111](011) 1y differs from og, since the Burgers
vector b = ao/2 [111] is oriented out from our observation plane
(110) which is clear (obvious) from Fig. 12b. There is also apparent
from the relations (3) that generation of the oblique dislocations
[111](01 1) will be favored for positive T and for o,, ~ 0 near by the
free surface (1 1 0) perpendicular to the crack front. This is documented
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via Fig. 12a and further by means of Fig. 13c and Fig. 13d presenting
time development of the relative shear displacements and of the shear
stress at the lower crack tip in the second surface layer. The stress
barrier for generation of the dislocations <111>{01 1} following from
BLS simulations with the used potential in the perfect bec iron lattice is
t. = 14.5GPa [45], which is marked in Fig. 13d by the upper line.
Fig. 13c shows that a fast generation of the dislocation starts nearby
time step 12 000, but below the level 1 the process stops due to sudden
decrease of the shear stress at the crack tip (Fig. 13d). This is because
some interatomic bonds at the crack tip are temporarily broken, the
coordination number decreases to KNT = 10 which means that the
crack tip atom already lies on the free crack face. The program for
atomic stress calculation signalizes such situation via the zero stress
components. The broken bonds can be renewed (namely due to the
random thermal atomic motion), the interplanar shear stress is renewed
as well (see Fig. 13d) and the emission process continue until the level 1
is reached, i.e. the complete dislocation emission from the free surface
is achieved. The complete emission was not monitored in the middle of
the crystal where plane strain conditions prevail. It complies with an-
isotropic LFM, as explained below.

The expressions for O'cb in anisotropic LFM are different [43] for
plane strain (0,, = 0) and for plane stress (o,, = 0). It can be shown
that for
plane strain %z, = 0.117K;//27r,  planestress °, = 0.214K;/\27r,  (4)
which means that the shear stress in the <1 11> {01 1} slip system near
the free surfaces (1 1 0) is larger almost by a factor 2 in comparison with
the bulk crystal. It favors dislocation generation from the corners were
the crack penetrate the free surface as observed in MD, not from the
bulk crystal.

The competition between the dislocation emission and bond
breakage in front of the crack tip causes a slow ductile-brittle crack
growth in MD model Nol. The applied stress intensity needed for dis-
location generation in the atomistic model Nol is higher in comparison
with MD model No2 due to the positive T-stress. The configuration in
Fig. 12a corresponds to the unstable dislocation position b/2 discussed
in [13,16]. After a subsequent crack advance, the unstable dislocation
may disappear on the free crack faces creating the surface steps.

The critical slip displacement for generation of the dislocations
<111>{011} both by Frenkel sin model and with potential in use
corresponds well to b/4 (see Fig. 11 in [45]) The interplanar distance
h = dp1; = ao/V2 includes both the interactions between the first and
the second neighbors in the bcc lattice and so, the critical shear strain is
(b/4)/h = 0.306 and the critical shear stress by Frenkel tp = ub/
2rth = 13.9 GPa. It is in a reasonable agreement with the critical shear
stress 1. = 14.5 GPa following from [45] with the potential in use. (For
Frenkel estimate, the same shear modulus y = 71.4 GPa was utilized as
in the case of the {11 2} slip planes, since propagation of the shear
waves in the <11 1) direction does not depend on the plane of polar-
ization [25].)

As follows from the scheme in Fig. 12b, dislocation emission from
the oblique slip system [111](011) does not contribute to crack
opening and blunting, since the projection of the Burgers vector b = ao/
2[11 1] to y-axis oriented in the direction [1 1 0] is zero. The non-zero
components of the Burgers vector b lie in the [001] and [11 0] di-
rections. Instead of blunting, this oblique emission makes jogs in the
crack front and in our observation plane (11 0).

Due to activity of the oblique slip system <111>{01 1}, the crack
growth in model Nol is rougher in comparison with model No2 which
is in qualitative agreement with experimental results in Fig. 5. Later,
transient generation of a dislocation loop is monitored in MD near the
free surface which is viewed in Fig. 12d. Here, the green wall represents
the second surface layer at the LB surface that is occupied by atoms
with coordination number KNT = 13. Note that KNT = 14 in the per-
fect bee iron lattice modeled by the short ranged potential in use and so,
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(@ (b)

Fig. 14. MD model for Nol at 300K: a/ generation of twins from the free
sample surface shown by the line patterns in the observation plane (1 1 0) (time
step 15000, Ka(t) = 1.473 K;); b/ the inclined twinned area from the free
surface toward the crack front, time step 20 000 before the end of MD simu-
lations (Ka(t) = 1.973 Kg), observation plane (11 0).

a group of 14 green atoms represents a vacancy in the bec lattice.

Disappearing of the dislocation loop at the right free surface LB
create surface steps that represents new stress concentrators and serve
as a nucleus for twin generation at the free right surface LB - see
Fig. 13. Slip traces on LB surface planes (00 1) indicate that the loop
was generated on oblique slip systems <111> {011}.

Final plastic failure of the atomistic sample is caused via twinning
from the free surface toward the crack front - see Fig. 14. The direction
corresponds to easy twinning direction with relatively low stress barrier
(Tewin = 9.3GPa) in  comparison with dislocation formation
(tgis1 = 16.3 GPa) for the interatomic potential in use. Such inclined
plastic zone was observed as well in experiments with the bending
grippers — see Fig. 15 (or video from fracture test Nol).

Stress analysis and slip processes in Fe(2 wt%Si) single crystals

As above, we will consider only the slip processes on the inclined
<111>{112} and oblique <111>{01 1} slip systems, since the third
possible slip system {111}(1 23} is not favored due to a low Schmid
factor 0.15 and so, it was not observed in the presented crack simula-
tions in pure bcc iron.

To estimate the stress barrier for generation of the blunting dis-
location on the inclined slip systems <1 11> {11 2} and for generation
of the dislocations on the oblique slip systems <111>{011} we will
utilize the elastic constants of the tested Fe(2wt%Si) single crystals
evaluated in the Section “Ultrasonic measurements” and further, the
Frenkel sin model, leading to reasonable agreement with our atomistic

Fig. 15. Fracture test with the specimen Nol, the sharp crack before final
fracture with inclined (twinned) area from the free surface of the specimen.
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model for pure bcc iron - see Section “MD results”. The shear modulus
in the <111) direction corresponds to pgesi = (C11 — C12 + C4q)/
3 = 69 GPa, the lattice parameter is ao = 2.864 A, the interplanar dis-
tances hi;, = a0/V6 and hgy;; = ao V2/2, Burgers vector b = aov3/2,
and the stress barrier by the Frenkel model is given by tr = (1/2m)*(b/
h). The value b/h and the critical shear strain (b/4)/h are given by the
geometry of the bec lattice and p/2mw = 10.98 GPa, so that the following
data are obtained for the individual slip systems:

<111 > {011}: b/h = 3/42, (b/4)] h=J3/42, 1= 13.45GPa;

<111 > {112}: b/h = 3/J2,  (b/4)/ h= 3/42, 'tz = 23.30 GPa;

7 = 17.47GPa — average; (b/4)/2 h= 3/8+/2, %z = 11.65GPa;

To assess the activity of the individual slip systems in the experi-
mental specimens Nol and No2 we will describe the stress state at the
crack via the two parametric LFM relations presented above, which is
relevant for the macroscopic samples where the fight time correction of
the loading waves is negligible during the applied gradual loading and
KA (t) = KI.

Inclined slip systems <111 > {112}

The relation (2) in the form tp; = %0g, — V2T/3 can be rewritten by
means of the biaxiality ratio p = (ma)’? T/K; as 1,1 = 0.362 K;/(2nr)"/
2 — (v2/3) B K/(ta)’’? which by Table 2 leads to

Ty = 0.362K;/(2rr)/2 — (1 2/3)0.85K;/(ma)/?  for No1with 8 = +0.85,

Ty = 0.362K;/(27r)V2 + ([ 2/3) 0.98 K;/(ma)V/?  for No2with § = —0.98.

At the critical distance r = b/4 = 1.24 A, from the crack tip, the
second term coming from the T-stress is negligible due to the macro-
scopic crack length a from Table 1 (unlike the atomistic samples, it is
smaller by 4 orders). The critical value of K; = Ky needed for gen-
eration of the blunting dislocations can be estimated from the relation
¢ = 0g, which gives the critical value Kz = 0. 95 MPam'/?, both for
the FeSi crystals Nol and No2. This means that the starting line for
crack blunting in the experimental specimens Nol and No2 is the same
by LFM treatment (if we suppose the initial crack tip zone free of pre-
existing dislocations). The critical value Ky for emission of the dis-
locations <111>{112} is smaller than the experimental estimate
Kg = 1.09-1.13 MPa m'/? for cleavage in our Fe (2 wt%Si) crystals (see
Section “Experimental results and continuum predictions”) and thus,
the emission of the blunting dislocations is favored instead of cleavage,
in agreement with the Rice-Beltz continuum predictions [13,16]. Since
the emission leads to crack blunting and to decrease of the stress in-
tensity at the crack front (see e.g. [38]), an increased level of external
loading is required for the next emission, and during this process, the
magnitude of the second T-term will increase gradually as well. The
crack length a in specimens Nol and No2 is practically the same. The
relations above shows that the positive T-stress in the specimen Nol
with B = +0.85 will decrease the shear stress in the <11 1>{1 1 2} slip
systems at the crack front, while the negative T in the specimen No 2
with B = —0.98 will increase the shear stress. With increasing level of
external loading and consequently increasing value of K}, this difference
will be more and more significant, so that the crack induced generation
of the blunting dislocations in the specimen Nol should be more dif-
ficult in comparison with the specimen No2, which complies with ex-
perimental results in Fig. 7

Oblique slip systems <111>{011}

The relation (3) in the form 1, = %, + T/V6 can be rewritten by
means of the biaxiality ratio p = (na)’? T/K; as 1, = 0.214 K;/(2nr)"/
2 + (1/V6) B Ki/(na)?/?, valid for plane stress at the free surface, which
complies with MD and experimental observations, presented e.g. in
Fig. 12a or Fig. 5. Utilizing 3 from Table 2 we obtain
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T, = 0.214K;/(27r)Y? + (1//6)0.85 K;/(ra)/?
T = 0.214K;/Qrr)V? — (1/6) Ki/ (ra)V/?

for No 1 with 8 = +0.85,
for No2with 8 = —0.98.

Due to the macroscopic crack length a presented in Table 1, the
second T-term is again negligible in the case of the first emission, and
the critical value of the stress intensity can be estimated from the re-
lation °t,, = 15 at the position r = b/4 as above. This leads to a rela-
tively high value of the critical stress intensity Ky = 1.24 MPam'/? for
the first dislocation emission on the oblique slip planes <111> {011}
in the FeSi crystals at the corners where the crack front penetrates the
free surfaces (11 0). The value is higher than Kz = 0.96 MPam'/? for
the emission of the blunting dislocations <1 1 1>{1 1 2}. It means that in
the initial phase of the external loading, the activity of the slip systems
<111>{11 2} is expected, leading to crack blunting in the experiments.
This was really observed via the on-line microscopy during the fracture
tests on the specimen No2 and as well during the fracture test with the
specimen Nol. According to the LFM equations above, with increasing
level of K; (from external loading), the increasing T-contribution at the
crack front in the specimen No1l will support the emission in the oblique
<111>{011} slip systems, while in the specimen No2 it will be vice
versa. It complies with experimental observations presented in Fig. 5.

Common feature in the atomistic and experimental results is a si-
milar relation K3 < Kg in the case of the blunting dislocations <11 1>
{112)} and further, the higher applied stress intensity needed for
emission of the oblique dislocations <111>{01 1} in comparison with
the dislocations <111>{11 2}.

Recently different criteria for the ductile-brittle behavior at the
crack tip have been tested in [46] by means of the molecular static,
applied to cracked nickel single crystals. Motivation of the study was a
finding that the unstable stacking fault energy y,s in the Rice model
[13] depends on the stress state at the crack tip. We should note that
this effect has been reflected in [16] by means of normal relaxation
between the slip planes at the crack tip, as already mentioned above.

The significant difference between the experimental values of the
fracture toughness presented in Table 2 and the low values of Ka(t)
needed for the ductile crack growth in MD simulations can be explained
simply by the fact that significant part of the energy from external
loading is spent on a motion of pre-existing dislocations, hindered by
pre-existing obstacles like Si-atoms and other impurities and defects.
Peierls-Nabarro stress needed for motion of pre-existing dislocations is
oy ~ 3¥107°3 u for the edge dislocations <1 11>{11 2} in bcc crystals
[47]. In our case P = (Cy; — Ci2 + Ce6)/3 = 0.69 X 10" N/m? (see
Section “Ultrasonic measurements”) and py = 0.207 GPa which is
lower by two orders in comparison with the shear stress t. = 16.3 GPa
needed for dislocation generation in bcc iron. The pre-existing dis-
locations occurring at the crack front can also contribute to crack
blunting. No such pre-existing defects exists in atomistic samples before
loading, only the studied pre-existing crack. Nevertheless, MD results in
Figs. 8-14 are in qualitative agreement with experimental results, in-
cluding the experimental (Fig. 2) and atomistic shape (Fig. 16) of the
tested samples Nol and No2.

Note that a nice review on other aspects of the T-effect on crack
behavior is published in [48].

Summary

Experimental results of the fracture tests in mode I performed on
single crystals of the bcc dilute Fe-2.1wt.%Si alloy at room temperature
show that mechanical response of a long edge crack (1 1 0)[1 1 0] loaded
in mode I is influenced by the sign of T-stress. This complies with 3D
atomistic simulations via MD technique performed at temperature of
300K on the atomistic samples of bcc iron with similar geometry and
type of loading in mode I. Ultrasonic measurements of the elastic
constants revealed that they differ only slightly from those in pure bcc
iron. Thus, the mechanical response of the crack to external loading
should be very similar in the bcc iron and Fe-2.1 wt%Si crystals.
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Fig. 16. Final total shape of the atomistic samples at the end of MD simulations:
a/ model No2; b/ model Nol. (a back projection (1 10) comparable with the
experimental Fig. 2a and Fig. 2b.)

Under border condition with prescribed end displacements (spe-
cimen No2) the T-stress is negative both by continuum predictions and
by stress calculations on the atomistic level. The initial crack is blunted
to a large extent under the lowest critical force observed in fracture
tests and after that the crack slowly, gradually extends into the bulk
crystal. The largest Schmid factor, the angle of the slip bands at the
crack front of about =55° indicate that the slip processes occur pre-
dominantly on the inclined <11 1>{11 2} systems. Topography of the
experimental specimen No2 via light white interferometry complies
with the finding. MD simulations at temperature of 300K with
equivalent border conditions confirm that the crack itself contributes to
its own blunting via emission of the dislocations from the crack front on
the inclined slip systems <111>{112}. The subsequent slow crack
growth is realized via the blunting mechanism. In comparison with MD
results for 0K, lower applied stress intensity K,(t) is needed for dis-
location emission at 300K due to thermal activation. The presented
atomistic results also show that in nonlinear region of loading a com-
bination of LFM solutions by Harris [20] for K-factor and by Fett [21]
for T-stress is acceptable for the constant displacement boundary con-
ditions.

Under border condition enabling bending in mode I (partially
loaded specimens Nol and No3 via prescribed stress at the borders) the
T-stress is positive, again both by continuum treatment and by stress
calculations on the atomistic level in elastic region of loading. Due to
the border conditions enabling bending, the crack opening at the edge
of the crack (COD) was significantly larger from the very beginning of
loading in comparison with the specimen No2. However, to reach the
same degree of crack blunting at the crack front (measured via CTOD by
the on line optical microscope) much larger level of the external force P
(t) was needed in the fracture tests on the specimens Nol and No3
(positive T) in comparison with the specimen No2 (negative T). It
means that higher applied stress intensity K4(t)) is needed for activity
of the slip systems contributing to crack blunting. This is in qualitative
agreement with equivalent MD simulations at 300 K where just nu-
cleation of the blunting dislocations and no complete dislocation
emission on the inclined slip system <11 1>{11 2} was monitored at
the crack front due to the positive T-stress. The crack growth in MD was
of a mixed brittle-ductile character. Before the final fracture, necking of
the remaining cross section via twinning (from the free surface toward
the crack front) was monitored in MD which can explain the sharp
crack profile and the inclined plastic zone (started from the free right
surface) in the experiment with Nol before the final fracture.
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The experimental results presented here are in qualitative agree-
ment with the predictions obtained from continuum and atomistic
modeling. Post-fracture scanning or transmission electron microscopy
cannot distinguish an influence of the pre-existing and crack-induced
defects on the brittle-ductile behavior. MD simulations offer a useful
complementary tool in this field, since they can bring information about
the defects produced by the crack itself and about the influence of these
defects on crack stability.
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