
( ·l 

1) Q 

() 

Anisotropie Mechanieal Behaviour. 

of a Zr-Sn-Nb-Mo Alloy 

by 

Armando Salinas Rodr!guez 

A the.i •• ubmitted to the Paculty of Graduate Studies 

'" and Research in partial fulfi1ment of the 

requirements for the Deqree of Ma.ter of Enqineerinq. 

Department of Mininq and Metallurqieal Enqineerinq 

McGill University 

Montreal, Canada 

C> May 1984 

'. 
1 



i. 

To Lilia, Celia and Rodolfo 



( 

o 

--_. - -----------------~--------------------------------------

ii. 

ABSTRACT 

The anisotropy of the plastic deformation of EXCEL 

alloy (Zr-3.8 wt% Sn - 0.8 wt% Mo - 0.8 wt% Nb) was 

inv~stigated by means of constant true strain rate com-

pression tests. Specimens were machined from a cold 

drawn and annealed CANDU pressure tube which had a 

strong (0002) crystallographic textu.e in the radial-

tangential plane. The specimens were oriented Along the 

three principal directions of anisotropy of the tube, 

namely, axial, tangential and radial, and the flow stress 

was determined as a function of specimen orientation, 

true strain and strain rate over the temperature range 

295-1200 K. 

The flow behaviour of the specimens with ~xes paral-
. 

lel to the radial and tangential directions was found to 

he similar. The work hardening rate was highest in the 

tangential specimens and decreased with strain until 

fracture occurred by localized shear at temperatures below 

900 K or until flow softening took place at the higher 

temperatures. The axial speci~ns di.played a co~letely 
• 

d1fferent behaviour. After an initially decreaaing work 

hardening rate, a regime of low work hardening rate was 

observed up to strains of about 0.08. After that, the 

work hardening 

• 
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rate increased to valves similar to those of the tangen-

tial specimens and remained constant until fracture 

occurred. A strong strength differential effect was 

found in the axial specimens tested in tension and com

-4 -1 pression at 298 K and 10 s . 

As the temperature was increased above 1000 K, the 

anisotropie mechanical behaviour of the materia1 decreased 

considerably and at 1200 K, the flow curves exhibited 

sharp yield drops and optical microscopy showed the pres-

ence of precipitates. The general trend observed wa~ 

for the flow stress to increase with an increase in the 

fraction of basal poles ~arallel to the stress axis and 

with an increase in strain rate. The effect of tempera-

ture was represented in the form of o(T) curves as a func-

tion of specimen orientation, true strain rate and true 

strAin. The behaviour for any particular set of conditions 

tested consisted of an initially slow decrease of the 

flow stress with increase in temperature (T ~ 700 K) and 

then, for higher temperatures, the flow stress decreased 

rapidly with increase in temperature. 

The general deformation behaviour of the ailoy is 

discussad in terms of the possible deformation meçhanisms 

operating under the various experimental conditions and 

also with respect to the evolution of the texture cau.ed 

by the operation of d.fo~tion mod.s such as twinninq. 
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RESUME 
\ 

L'anisotropie de la d~formation plastique de 

l'alliage EXCEL (Zr-3.8% Sn - 0.8% Mo - 0.8% Nb en poids) 

a ~tê ~tudi~e au moyen de tests de compression à vitesse 

de d~formation vraie constante. Les ~chantillons ont 

ét~ prépar~s à partir d'un tube de force CANDU étir~ à 

froid et recuit, qui présentait une texture cristallo-

graphique (0002) très forte dans le plan radial-tangen-.. 
tiel. Les êchantillons étaient orient~s suivant les 

trois directions principales d'anisotropie du tube, 

c'est-A-dire les directions axiale, tangentielle et 

radiale et la contrainte d'~coulement a ~tê dêterminêe 

en fonction de l'orientation de l'êchantillon, de la 

dêformation vraie et de la vitesse de dêformation pour 

des temp~ratures variant entre 295 et 1200 K. 

L'êvolution de la déformation plastique des ~chan-

tillons d'axes parallêles aux directions radiale et tan-

gentielle s'est avêr~e être similaire. ~e taux d'~crouis-

sage est le plus êlevê pour les êprouvettes tangentielles 

et d~cro!t avec la dêformation jusqu'! rupture par ci-

sal11ement localisf aux tempêratures infêrieures a 900 K 

ou apparition d'un adoucissement aux temp'ratures plus 

alev6ea. Les Aprouvettes axiales ont un comportement 

1 
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totalement diff~rent. Il y'a d'abord diminution du taux 

d'êcrouissage, puis l'on observe un régime de faible 

taux d'~crouissage jusqu'à une d~formation d'environ 0.08. 

Ensuite le taux d'~crouissage augmente jusqu'à des 

valeurs comparables à celles des ~chantillons tangentiels 

et reste constant jusqu'à la rupture. Une diff~rence 

tr!s importante de contrainte d'~c?ulement a ~t~ observêe 

pour les échantil19ns axiaux sollicités en traction et 

compression A 295 K et 10-45-1 . 
• 

Lorsque la temp~rature augmente au de sous de 1000 K, 

le comportement m~canique du mat~riau devient de moins 

en moins anisotrope; à 1200 K, les courbes d'écoulement 

présentent un crochet de traction tr~s aigu et des 
• 

observations au microscope optique révèlent l'appari-

tion de pr~cipit~s. 

La tendance gén~ra1ement observ~e est donc la sui-

vante: la contrainte d'~coulement augmente avec la frac-

tion de pôles (0002) parall~les a l'axe de contrainte et 

avec la vitesse de d~formation. L'influence de la tem~-

rature a étê repr~sentêe par des courbes a(T) en fonction 

de l'orientation de l'êchanti11on, de la dêformation vraie 

et de la vitesse de dêformation. DAna toua les cas, le 

comportement observê lorsque la tempêrature augmente con-

aiate en une diminution lente de la contrainte d'êcoulement 
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(pour T ~ 700 K) suivie d'une d~croissance três rapide 
~ 

aux températures plus ~levêes. 

Le comportement de l'alliage est discut~ de façon 

g~n~rale A partir des m!canismes de d~formation interve-

nant dans diff!rentes conditions exp!rimentales et ainsi 

qu'en fonction ~e l'~volution de la texture provoqu!e 

par les diff!rents modes de d'formation tels que le 

maclaqe • 

,. 
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RESUMEN 

Este trabajo fué enfocado al estudio de la aniso

tropia de las propiedades m~canicas de la aleaciôn EXCEL 

(Zr-3.8' Sn-O.S% Mo-O.S% Nb). La investigaciôn fué 

realizada par medio de pruebas de compresiôn a velocidad 

de deformaciôn verdadera constante. Los espec!menes de 

prueba fueron rnaquinados a partir de un tubo de presiôn ' 

--- CANDU, -el cual habia sido estirado en frio y recocido 

• 

a 1013 K. La textura cristalogrâfica del tubo consistiô / 

basu.amente de polos (0002) orientados en el pIano radial~ 

tangencial, exhibiendo un mâximo en la direcciôn paralela 

a la direcciôn tangencial. Los especimenes fueron orien

tados en el tubo de tal forma de que sus ejes fueran 

paralelos a las tres direcciones principales de anisotro-

pia, este es, las direcciones tangencial, radial y axial; 

de esta forma, el esfuerzo de fluencia fu~ deter.minado en 

funcian de la orientacion de los spec!menes, la deforma

cian logar!tmica y la velocidad de deforrnacion en el 

rango de temperaturas 295-1200 K. 

El comportamiento bajo deforrnacion de los espec~enes 

con ejes ~aralelos a la. direcciones radial y tangencial 

fu. seme jante. Los espec!menea tanqenciales exhibieron 

la mayor velocidad de endurecimiento por deformaciôn al 
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inicio de los exper imentos". Esta velocidad disminuyô 

con aumento en la deformacién hast~ que inestabilidad 

debido a la fobmaciôn y ablandamiento de bandas de corte . \ 

.localizado produjo la fractura de los espec{rnenes ensaya-

dos a temperaturas menores de 900 Ki a tempuraturas 

mas altas la occurrencia de procesos de recuperaciôn 

din!mica y/o procesos debidos a la evoluciôn de la tex-

tura produjo ablanda~iento del material a medida que la 

deformaci6n plastica era aumentada. Los especimenes 

axiales se cornportaron de rnanera diferente. Al inicio 

de la deformacion la velocidad de endurecimiento dismi-

nuyo a medida que la deforrnaciôn era aumentada hasta que 

aproximadamente al 2% de deformacion se establecio un régi

men de flujo a una velocidad de endurecimiento minima 

y aproximadamente constante que se extendiô hasta deforrna-

ciones verdaderas deI orden de 8-10%. Despues de esto, 

la velocidad de endurecimiento aumento ~ valores similares 

a los observados en espec1menes tangenciales para después 

mantenerse constante haeta que los espec[menes fallaban 

en la misma forma que los tangenciales. Otro fenômeno 

interesante encontrado en la deformaciôn de rnuestras 

1;) 

axiales fue el hecho que mostraron diferente compor~a

miento, similar a los especlmenes tangenciales, cuando 

fueron ensayaâas en tensiôn a 298 K Y ~ • 10-4g-l, dando 

lugar a un fenômeno denominado Diferendial de Resistenc~a. 



ix • 

• 

A medida q~e la temperatura era aumentada por arriba 

de 1000 K, el ~cornportamiento anisotropico deI rnaterial 

Q disminuy6 considerablernente y a 1200 Klas curvas de~ 

deformacién exhibieron picos de e!ifuerzo de flujo y 

microscopia optica mostr6 la prArencia de precipitados. 

La tendencia general observada fué que el esfuerzo 

de flujo disminuia con el aumento en la fraccion de , .> 

polos de pIanos basales orientados paralelos al eje de 

la deformaciôn y con el aumento en la velocidad de defor-

maci6n. El effecto de la ternperatura fue representado 

en la forma de curvas cr (T) corno una funci6n de la orienta-

ci6n de los especimenes, la velocidad de deformacion y la 

deforrnaciôn plâstica v,rdadera. El comportamiento para 

un conjunto dado de condiciones experimentales consistio 

inicialmente, T $ 700 K, de una disminu~on lenta deI 

esfuerzo de flujo con el aumento en temperatura, mientras 

que a temperaturas mas altas el esfuerzo requerido para 

causar deformacion plastica en el rnat~ial disminuyé 

râpidamente. 

El comportamiento mecanico de la aleaciôn fué inter-

"Q pretado y discutido en funcion de los mecanismos de defor

maeion que pueden operar bajo las diferentes co~diciones 

experimenta1es estudiadas asi como con respecto a 1a 

posib1e evo1uciôn -de 1a textura debida a la operacion de 

modos de deformacion tales como mac1ado. 

• 
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CHAPTER l 

INTRODUCTION 

1. 

The CANada Deuterium Uranium Pressurized Heavy Water 

(CANDU-PHW) .reactors use naturai uranium as fuel and 

heavy water as bath coolant and moderator. 4 The pressure 

vessels for the heavy water coolant are pressure tubes 

fabricated from zirconium alloys. At the present tirne, 

the standard pressure tube alloys are Zircaloy-2 and Zr-

2.5 wt% Nb. These two alloys have performed very satis

fac'torily during operation and the limiting factors in 

their service lives are predicted to be axial elongation, 

diametrai expansion, and sag due to irradiation-enhanced 

creep and irradiation-induced growth. 

The present study deals with the anisotropy of mec ha

nicai properties of a new zirconium ailoy for pressure 

tubes developed at the Chalk River Nuclear Laboratories 

(CRNL) of Atomic Energy of Canada Ltd. This alloy, named 

EXCEL and containing nominally 3.5 wt% Sn, 0.8 wt' Mo, and 

0.8 wt% Nb, was the result of an extensive research proq

ram aimed at developing zirconium ailoys with at least 

the same strength and neutron economy as Zr-i~ alloys but 

having better in-reactor dimensional stability • 

4 
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2. 

The anisotropy of mechanical properties of zirconium 

and its al10Y8 nas been studied extensively during the past 

20 years and has been explained in terms of the different 

çeformation mechanisms which operate depending op the 

stress state, strain rate, and temperature of defo~ation. 

It is also now weIl recognized that this anisotropy is the 

re8ult of the strong crystallographic textures developed 

in the finished products as a result of the fabrication 

process. One of the main concerns related to the deforma-

tion behaviour of zirconium alloys is the relationship 

between the crystallographic texture and the resulting ani-, 

sotropy of mechanical properties. For example, it i5 

weIl known that the burst strength (biaxial lo~ding) of 
" 

Zircaloy fuel cladding is always larger than the tensile 

strength (uniaxial loading). Thus adequate control of the 

texture, e.g. with the c poles oriented in the radia1-tan-

gential plane, will enhance the strengthening effect of 

biaxial loading and can therefore allow the use of thinner 

wall thicknesses and hence the achievement of better neu-

tron economy. Another important example is the incorpora-

tion of the so-called Strength Oiffer~tial effect in the 

analysis of the fuel, clad behaviour. It has been shown 

that the incorporation of this parameter increases consi-

derably the collapse times cal~ulated on the basls of 
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isotropie behaviour. Up to the present, the m08t complete 

investigation regarding the effects of texture on the 

mechanieal behaviour of zirconium alloys at room tempera-

ture as weIl as at Light Water Reactor operating tempera-

tures (573-673 K) has been carried out by Ballinger.* He 

found that the meehanical behaviour of Zirealoy-2 is a 

strong function of stress state, ternperature, and the basal 

'pole distribution with respect to the stress axis. 

The aim of the present work was to produce quanti ta-

tive information related to the anisotropie behaviour of 

Excel aIloy'pressure tube specimens. These were prepared 

with axes along three different orientations in the tube, 

namely the axial, tan?ential, and radial directions1 the 

samples were deformed by means of constant true strain 

rate' compression testing. The test program involved the 

evaluation of f10w data in the temperature range 295-1200 K 

at 10- 4 and 10-ls -1; and for the special case of axial 

specimens the effeet of the stress state (tension VB. com-

pression) on the deforrnation behaviour was also investigated 

at room temperature. This test ,program was also designed 

to provide data for aSBessing the probable deformation of 

Excel pressure tubes over the temperature range for Laas 

of Coolant Accident (LOCA) simulations in CANOU-PHW reactor •• 

* The complete reference i. given in the literature review. 

• q 
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The final objectives of the present work were (i) to pro

vide an up-to-date literature review of the deformation 

mechanisms that operate during the straining of zirconium 

and its alloys, and (ii) to consider sorne of the metallur

gical factors involved in the fabrication and design of 

pressure tubes, particularly those associated with the 

development potential of zirconium alloys. 



( 

5. 

CHAPTER 2 

DEFORMATION MECHANISMS IN Zr AND Zr-ALLOYS 

Zirconium is a metal which crystallizes in the hexa-

gonal close packed (HCP) structure at temperatures below 

1138 K with a cfa ratio of 1.593. (1) A1thouqh at tempera-

tures above 1138 K zirconium suffers an allotropie transfor

mation from the HCP structure to a body centred cubic (BeC) 

structure, the deformation characteristics reviewed in this 

chapter correspond to those of HCP zirconium as this structure 

has qreater technoloqical relevance. Sorne of the physical 

properties of zirconium can be seen in perspective if the 

metal is considered within the context of the eiqhteen 

elementa1 Hep metals (see Table I(1)}. The theoretical 

strength of a solid is directly proportional to its cohe\ive 
o energy, ~Ho. From Table I, it can be seen that the transi-

tion metals (Ti, Co, Zr, Tc, Ru, Hf, Re, and Os) have cohe-

sive energies greater than 4~e KJ/g-at. and con.equently all 

of them have hiqh meltinq points and are stronq metals. On 

the other hand, it should be noted that as the number of d 

electrons increases in the transition metal series, the 

lattice parame ter , a, decreases, and the density, 0, coh •• ive 

enerqy and elastic bulk modulU8 all increase. Thua, it is 

apparent that zirconium with th. smallest number of d 
\ 
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Table l. Physical properties of hep metals (Ref. 1) 
- - .f 

cla = axial ratio, a = lattice parametér, p = density, ...---..,. 

Tm = melting temperature, Tt = transformation tempera-
0 

ture, 6H o = Cohesive Energy, y = Surface Energy. 

Metal * cla a, lUIl P, g/cc Tm(Tt ) ,oC 6Ho, kJ/g-at. Y(Tm),J/a2 
0 

Be(4) 1.568 0.229 1.85 1290(1250) 322 1.30 

Mc) (12) 1.624 0.321 1. 74 651 148 0.69 

Zn(30) 1.856 0.266 7.13 420 130 0.90 

Cd(48) 1.886 0.298 8.65 321 112 0.70 

Sc (21) 1.592 0.331 2.99 1539 332 > 1.50 

Ti(22) 1.588 0.295 4.54 1668 (882L 465 1.15 

Co (27) 1.623 0.251 8.90 1493(388) 422 2.22 

Y(39) 1.572 0.365 4.47 1509 (1487) 404 > 0.80 

Zr(40) 1.5~3 0.323 6.45 1852(865' 604 1.69 

Tc (43) 1.605 0.274 11.49 2140 631 -' 2.15 

••• cont 'd 0\ 

1 • 
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Table l --, cont'd 
~ 

Metal cfa a, JUIl P, g/cc T.(Tt , ,·C AH·, kJ/g-at. 
0 

y(T."J/_ 2 .. 
Rue44, 1.58l 0.271 12.40 2250 639 2.66 

La(57) 1.615 0.376 6.17 920(864' 423 > 0.75 

Hf(72) 1.581 0.319 13.29 2230 (1995) 604 1.92 

Re(75) 1.615 0.276 21.02 3180 772 3.13 

Os (76) 1.579 0.273 22.50 3000 777 2.95 

Gd(64) 1.591 0.363 7.90 1312 373 

Dy(66) 1.574 0.359 8.54 1407 278 

Er(68, 1.570 0.356 9.05 1491 393 

, 

*,7he nu.ber ln parentheaea la the ata.ic nuaber of each element. 

i 

..., 

... 
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electrons (2) is both inherently strong and relatively 

liqht. 

A problem which arises as a result of the high strength 

is the lack of sufficient ductility, which is of impor

tance if the metal is qoing to be formed. The problem of 

the ductile vs. brittle response of crystals requires 

knowledge of their workabi1ity in addition to their frac

ture strength. pugh(2) introduced the quotient of elastic 

bulk modulus to shear modu1us, R/G, as an indication of the 

extent of plasticity inherent in a pure metal (see Table 

II) . (1) According to this view, a high value of K/G is 

associated with ductility and a low value with brittleness. 

Althouqh the ducti1ity is also affected by the grain size, 

temperature, and strain rate, as weIl as by the presence 

of inclusions and second phases, it is evident from Table 

II(l) that "low" values of ~/G are associated with poor 
/ 

and fair ductilities (15' e1ongation or less) and "high" 

values with good ductilities (40' elongation or more) . 

Another correlation regarding the ductility was car

ried out by Rice and Thomson(3) who concluded that crystals 

vhose dislocations have wide cores (i.e. relatively high 

values of Poisson's ratio, v) and small values of the para-

mater Gb/y (Gb/y ~ 7.5 to 10) are ductile while crystals 

vith narrow cored dislocations (i.e. low values of v) and 

large values of Gb/y are brittle. Rere G is the sh.ar modu-

lu. of the crystal, b i. the Burgera vector ot the disloca-

, 
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Table II. Elastic properties and d uctility of 

Metal 

Cd 

Zn 

Mq 

Co 

Re 

Tl 

Zr 

Sc 

Ti 

Ru 

Hf 

o. 
y 

~"". 

hep metals (Ref. 1). K - ela.tic 

modulus, G - shear modulus, b - Burgèrs 

veetor, y • Surface Energy, See 

text for the definition of the para

meter Gb/y. 

cfa K/G Ductility Gb/y 

1.886 2.21 Fair 10.24 

1.856 1. 73 poor Il. 73 

1.624 2.03 Fair 8.10 

1.623 2.31 Fair 9.27 

1.615 2.05 Fair 15.73 

1.599 6.52 Good 

1.593 2.65 Good 6.90 

1.592 1.94 9.27 

1.588 2.47 Good 7.31 

1.583 1.63 Paer 19.45 

1.581 1.95 Good 9.1"...-

1.579 Poor 

1.572 1.63 Fair Il.59 

1.568 0.74 Paer 26.12 

'" 
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tions and y is the true surface energy of the crack plane 
"-

determined as the energy necessary to break the bonds at 

the crack tip. Dislocations with large core widths are 
--../ 

considered to be more mobile, giving rise to easy plastic 

flow. As can be seen from Table II, the correlation bet-

ween lov values of Gb/y and good ductility is not as good 

as i~ the case of the parameter K/G, although both corre-

lations show that Zr is one of the more ductile of the 

HCP metals. 

The question of the ductility has to be analysed very 

carefully since, for a polycrystalline metal to undergo a 

g~neral homogeneous deformation without cracking, five 

(4-8 ) independent slip systems are necessary. Unfortunately, 

as a result of the nature of the HCP structure, the number 

of independent slip systems in a Metal such as Zr is 

limited. The two MOst likely Burgers vectors in the HCP 
-+ .....-+ 

crystal structure are <a> and <c + a> and the possible slip 

systems are shown in Fig. 1. The independent modes of 

slip in HCP crystals were analysed by Grooves and Kelly(7) 

and are listed in Table III. The two most common types 

of slip systen , basal and prismatic, offer only a total 

of four independent modes between them. Furthermore, the 

independent modes contributed by the pyramidal slip system 
-+ 

with <a> Burgers vectors are crystallographically equiva-

lent to the combination of four independent modes contri

buted by cross-slip between the basal and prismatic sli~. 

I~~ ____ ----------------------------------
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a slip 

·0 

Basal, prismatic and pyramidal slip systems .. 
with <a> Burqers vectors and four Qossible ...... -
pyramidal slip planes with <c+&> Burgers 
vectors. 

.. • 
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Table III. 

c 
Independent modes of de for-

~ mation in hep crystals t 
t 
~ '. Number of ...... ~ 

r Crystallographic Indepen-
• Direction Mode Elements dent Modes 

( 

:> 

-Basal Slip (0002)<1120> 2 
- -

a Prismatic Slip { 1100}<1120> 2 

- -'Pyramidal Slip { 1100 < 1120> 4 
\' 

',. 

Pyramidal Slip {hkiR.} *< 1123> 5 
c + a 

Twinning {Kl}<nl>t 0-5 

l~ ) 
,<II *See Fig. 1 

t see Table IV 

• 
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" 
system~. Thus, when cross-slip is taking place between 

.... 
basal, prismatic and pyramidal planes and only <a> Burgers 

vectors are involved, there are still only four indepen-

dent modes of defornation . By contrast, when a slip 

~ -+ 
system with a <c + a> Burgers vector is operative, it pro-

vides five independent modes, WhlCh alo~è sufficient 

to fulfill the von Mises criterion. (4,6 

Kocks and westlake(9) have shown that ductility in 

polycrystalline hexagonal materials may not in fact re-

quire five independent slip systems, because the ~nternal 

stresses set up at grain boundaries when the inelastic 

strains are not compatible can be relieved by localized 

deformat\on by twinning. By considering grain interactions 

without requiring the .strain rate to be the same in each 

grain, Hutchinson(lO,ll) concluded that the overall inelas-

tic deformation of a po~ycrystal is possible with only four 

linearly independent slip systems, i.e. without the neces-
L 

.... -+ 
sity of <c + a> pyramidal slip. ... 

-+ -+ 
As will be discussed later, the <c + a> slip system has not 

been observed experimentally in p~re zirconium deformed at 

temperatures be~ow 573 K, so that the good ductility of Zr 

at room temperature cannot be explained in terms of the 

relative ease of this' type of glide. Instead, other defor-

mation mechanisms, such as twinning and kinking, must opera te 

during the plastic straining of Zr in order ta permit frac-

ture free deformation. Table IV lists the twins observed 

',' 
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Kl n l -
- --{1012} <1011> 

IL - -{1121} <1126-> 
0 -{1122} <1123> 

- -{1011} <1012> 

, 
.,. 

o '" 1 
1""'" 

Table IV. Twinning elements in zirconium and zirconium 
. 

alloys. See Fig. 2 for the definitions of 

the twinning elements k l , nI' k 2 , n2 • 

t s 18 glven by t s = 2 cot 0. 

Experimentally stress State Theoretical 
Determined Normal to Twinning Shear 
Twinning Shear {OOO2} 

\ 1(2 ~ t s • 9 

{10Ï2} - 2 <1011> 0.167 TENSILE -1y -3) Iyll 
-{0002} <1120> 0.63G TENSILE l/y , - . 

2(y2_2)3y {ll24} <2243> 0.225 COMPRESSIVE 

{1013} <3032> 0.104 COMPRESSIVE (4y2_9) /4-y1J 

... 

.... .. 
.. 
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• - K 2 af t~r sh~ar 

Figure 2. Crystallographic ele~ents of bwinnin~. The 
unit cell i5 defined by nI' the shear direc-

tion; n2' the direction of inter5ectio~ of 
the plane of shear (defined by the twinning 
plane, KI, and the shear direction) with the 
second undistorted plane K2 ; and the plan~ of 

shear, S. 'It i8 homoqeneously sheared into ttte 

unit cell in the twin defined by '11' rt'2 and 

s. ~12 and ni are the second undistorted 

~ plane and the direction of intersection of , 
the plane of shear vith K

2 
after the twin-~ 

ning operation has occurred • 

• 
J 
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in zirconium and zirconium a110ys whi1e Fig. 2 shows the 

pertinent elements in the twinning operation.' 

In the sections that fo11ow, the available evidence 

about the deformation rnechanisrns operating in Zr and its 

a11oys·is reviewed with the objective of providing sorne 

understanding of the mechanical behaviour of this impor-

tant material. 

2.1 Single Crystal Deformation 

The f irst detail.ed determination of the de,~ormation 

mechanisms operating in Zr was carried out ,by Rapper

port. (12,13) In his study zirconium crystals and large 

grained samples with a wide distribution of crystal orien-
, 

tations were tested in tension and compression at room tem-

perature. The on1y slip system observed was the {lOlO} 
-<1120>, with an average critical reso1ved shear stress 

(CRSS) in compression of 6.37 MPa. No basal slip vas ob-

aerved'in any of the crysta1s tested, even for crysta1s in 

vhich the reso1ved shear stress on the (0002) basal plane, 
- . 

in a <1120> direction, vas up to nine tLmes greater than 

the resol ved ..shear stress on the prism slip systems. 

Twinning was found to occur on four different planes, 

- - -{l012}, {1121}, {ll22}, and {ll23}. The JDO.~fr~quently 
- -observed twinninq plane vas the {112!} and then the {1012}; 

-
the {1122} and {1123} vere the least fraquent. The theore-
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tical twinning shear 9 (see Table IV), due to the most 

commonly observed twin system in a given HCP metal, is 

plotted as a function of the axial ratio y = cfa in Fig. 

3. In th!s figure a tw1n mode showing a positive slope 

causes contraction along the c axis, and one showing a 

negative slope causes extension; thus, for the case of zir-

-
conium,the {l012} and {1121} twins are "tensile" twins, 

-
vhereas the {1122} twin 1s a "compression" twin. If Rapper-

portls data are analysed on this basis, it can be seen that, 

for crystals whose stress axis is within 50-80 degrees of the 

-
basal pole, a considerable amount of {1012} twins are observed 

-
if the specimen is deformed in tension or {1122} twinning 

if the specimen is loaded in compression. {1123} twins 

vere only observed in samples which had been deformed more 

than 10'. 

The effect of temperature on the deformation mecha-

nisms of zirconium was determined by Rapperport and Hart

laye (14) Once again, the only slip system determined to 

operate within the temperature range 77 - 1075 K vas of the 

-{1010}<1120> type with a CRSS in tension ranging from 9.8 

NPa at 77 K to 0.196 HPa at 1075 K. As in the previou8 

work, no basal slip 'could be detected even for cry.tals 

oriented in suc~ a way that the ratio of the maximum shear 

stress on the basal plane vith respect to that on the priam 

plane vas as high as 25. In this work, the stress axis vas 

generally oriented at an angle of froa 50 to 80 degre.s fro. 

------~~$~-~---------------------------------------------------------------------------. -~ ;r. 
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the basal pole and, as can be seen in Fig. 4, (14) the 

DOst frequently found twin at aIl temperatures vas of the 

- --{112l} type with {1012}, {1122}, and {1123} appearing in 
-

deéreasing order of importance. {1123} twins were seldom 

found at aIl temperatures and when found, they were loca

lized at positions where the stress state was complex, 1.e. 

-near grain boundaries. {1012} and {1122} twins were present 

up to temperatures below 600 K and the relative frequency 

of occurrence decreased with temperature until, at 1075 K, 

the only twinning mode was {112l}. 

Westlake(15) has used the dislocation theoryof twin

ning(16,17) in order to propose a mechanism for the twinning 

process in zirconium. These models suggest that a twinning 

dislocation could be produced by the interaction of minor 

'dislocations in the case of {~012} twinning, or by the 

interaction of a minor and a major dislocation in the case 
-of {1122} twinning. These interactions might occur at 

di.location pile-ups formed as a result of prior 8lip. 

Rapperport and Hartley(14) found that {lOÏ2} and {lliO} 

:twins vere only formed after severe deformation by slip had 
-occurred. In the case of {112l} twinning, t~e model 

become. quite complicated and it remains uncertain whether 
• a dislocation ~chanism can be feasible for thi. particul.r 

1 

twinninq mode. Perhap. one of the IDOst important outco ... 

of the .adel i8 th.t the .icro.copic .pplied .tre •• cannet 

he a .... ure of the nuel •• tion stre •• and tharafore it 

---~--~~~-
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does not appear as though there is a critical resolved 

shear stress for twinning. 

Akhtar and Teghtsoonian(18) studied the effect of 

crystal orientation, temperature and strain rate on the 

work hardening parameters of Zr single crystals. They 

found that, at 78 K, when the angle X
B 

between the basal 

plane and the stress axis was less than 35 degrees, the 

onset of plastic flow occurred by prismatic slip and the 

eRSS was independent of initial orientation. However, at 

XB greater than 35 degrees, plastic flow first occurred by 

twinning and load drops were observed. Also, with increa

sing XB (>35 degrees), twinning occurred at smaller fractions 

of the eRSS for prismatic slip. An interesting result was 

that for orier.tationa favourable for slip, the stress-strain 

curve showed three stages of work hardening similar to those 

found in face centred cubic (Fee) single crystals. These 

stages were associated with primary prismatic slip and 

conjugate slip for stages l and II respectively, while 

dynamic recovery in stage III ~as suggested to be due to 

cross-slip from the prism to the basal plane. The presence 

of wavy slip lines associated with cross-slip from the priam 

to the basal plane has also been observed by Martin and 

Raed-Bill(19) and by W.stlake. (20) At 295 K, similar ori-

ent4tion effects were observed, and although no explanation 

vas provided for the transition from twinning to slip, it 

va. ob.erved again with a transition angl. of 4S d.qr •••• 
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In thia atudy, although a vide range of orientations 

va.'teated, no basal slip could be detected. 

Akhtar(2l) carried out tensile tests on zirconium 

single crystals vith unfavourable orientations for pris-

matic slip over the temperature range 295-1113 K. ~e 

found that basal slip did occur in crystals with appropri

ate orientations at temperatures higher than 850 K; at 

lover temperatures, plastic de format ion occurred by prisma-

tic slip and twinninq. The CRSS for prismatic and basal 

slip is given in Fig. 6 as a function of temperature. This 

figure clearly shows that the CRSS for basal slip decreases 

continuously from about 5 at 850 K to 1.12 HPa at 1100 K. 

What the se, results indicate ia that, even though a small 

amount of basal slip can occur at temperatures above 850 X, 

priamatic slip continues ta he the slip mode operative at 

the lowest stress level. Akhtar Buqgests that basal slip 

occurs by a machaniam in which cross-slip is preceded by 

the recombination of partial dislocations on prism planes. 
-

50 far, no deformation mechaniam eXGept for {1122} 

twinninq can allow for the application of a negative strain 

along the c-axis. However, another mechan~sm that could .. .. 
accomplish thi. would he, pyramidal slip with a <c + a> 

type of Burgers vector. As will he discussed later , the 

textures developed and their stability in rolled zirconium 

cannot he explained in ter.. of pri..atic slip alone, but 

rather by a aequence of aeveral ca.plicated twlnnlnq opera-
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tiona, (22) or, alternatively, by the activation of a slip 

system which can allow strain components perpendicular 
(23) + + to the basal plane, i.e. <c + a> slip. The operation 

+ + 
of <c + a> slip in zirconium single crystals has only been 

obaerved under severely constrained deformation conditions 

or at high temperatures. Tenckhoff(24) deformed Zr crystals 

at different temperatures under conditions which concen-

-trateQ shear deformation Along <1123> directions and he 

-found dislocations with 1/3 <1123> Burgers vectors, the fre-

quenéy of which increased as the temperature increased. 

The slip planes for these <c + a> dislocations were sugges-
- -

ted to be of the {112l} and {1011} type, although no con-

clusive evidence was obtained. 

Akhtar(25) deformed single crystals in compression 

Along the c-axis between 78 and 1100 K. He found that 

plastic deformation occurred by {1122} twinning up to a 
-temperature of 800 K, whereas twins of the {lOll} type, in 

+ + -
conjunction with <c + a> slip on {lOll} planes, were 

observed to initiate plastic flov at temperatures above 

800 K. 
+ + 

The CRSS for <c + a> slip was determinéd to be 

approximately 10-20 timea that required for priamatic slip. 

,2.2 Deforaation of PolY~rystall1ne Zirconiua 

The stress state required to activate the nec.ssary 

deforaat1on ayat... to cau.. an arbitrary strain in poly-
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crystals varies from grain to grain because of differences 

in their crystallographic orientations. As a result of 

this, residual stresses (26) are produced whose waveleng ths 

are of the order of ~he grain size. The presence of grain 

boundaries thus . poses constraints which have significant 

effects on the operative deformation mechanisrns. Because 

of the intern 1 stresses, the local stresses in certain 

regions of t e polycrystal may be several times higher than 

the applied stress. AlI this, together witb the compatibi-

lit Y principle mentioned earlier, can cause certain slip 

and twinning systems, which would not normally operate in 

a single crystal, to operate under a particular set of 

polycrystalline conditions. Of particular importance are 

the effects of tempèrature and strain rate on stress rela-

xation, which can have a strong effect on the regimes over 

which the twinning modes operate. (27) In addition, alloy-

ing elements May also have a strong effect on the deforma-

tion mechanisms. o 
One of the MOst extensive investigations dealing with 

the deformation of zirconium polycrystals was conducted by 

(2~) , 
Reed-Hill: he suggested that the excellent plasticity 

of polycrystalline zirconium is closely related to the 

.ase of mechanical twinning. He carried out tensile tests 

on specimens machined from rolled zirconium plate with a 

deformation texture consiating of basal p~anes parallel 
-to the rolling~ direction with a [1010] direction in 
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the rollin~ direction. The basal plane po;es were concen-

trated in a narrow band centred about the normal direction 

of the plate with a peak at about 30-40 degrees from this 

direction. This texture allowed Reed-Hill to select a 

wide range of basal orientations with respect to the ten-

sile axis. The twinning mechanisms observed to operate in 

polycrystalline zirconlum were essentially those observed 

in single crystal deformation (Fig. 5). At room tempera-

ture and slow strain rates, the {lOI2} twinning mode predo-, 

rninated in polycrystalline specimens 50 that deforrnation 

- -
occurred by {1012} twinning and {lOlO} prismatic slip. 

The orientation factor, i.e. the ratio of the shear 

stress, ss ' resolved on the slip plahe to the applied nor

mal stress, S , is defined as: 
n 

Orientation Factor = S /5 = cos~ cosÀ s n 
(2. l) 

where ~ and À are the angles bewteen the stress a~is and 

the slip plane normal, and stress axis and slip direction 

respectively (see Fig. 9). Figure 7 (28) gives the orien-
-

tation factors for prism slip and {lOI2} twinning as a 

function of the angle between the stress axis and the basal 

plane pole; as can be se~n, when the stress axis approaches 

the basal pole, the resolved shear stress on the prisrn 

slip planes i5 low, and consequently the corresponding 

stresses on the six {lOl2} twinning planes bec orne large. 

As a result, {1012} twinning and {lOlO} slip rnay be regarded 
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as ~omplementary deformation mechanisms with the n~er 

of twinned and untwinned grains being approximately 

'equal. Figure 8 shows that grains unfavourably oriented 
- -for prism slip are likely ta support {1012} or {112l} twin-

-ning. {112l} twinning should be favoured in an intêrmediate 

orientation range where orientation factors for both prism 
-slip and {1012} twinning are low. It also seems clear that 

-{1122} twinning is competitive with prism slip. An analysis 

of the various orientation factors as a function of stress 

axis position in the sterographic triangle shows that {112l} 

twinning is favoured in the orientation range where the 

stress ax'ls makes an angle between 20 to 60 degrees with 

"the basal pole. A,t larger angles, the orientation factors 

for prism slip and {1122} twinning alternate in relative 

importance as one moves aeross the stereographie trlangle 

in a direction which makes a constant angle with the basal 

plane pole (such as along the small clrcle abc in Fig. 9). 

Reed-Hill aiso found that a dlrect relationshlp bet

veen volume fraction twinned and total strain can be'estab-

lished regardless of the orientation of ,the speci~ns 

(see Fig. 10). This led him to conclnde that twinning 

eonstitutes an integral part of the deformation of an 

aggreqate of Zr grains of varying orientation and that the 

flov stress may be eontrolled by the ability of the .etaI 

to twin. At lover teçeratures and faster strain rates, 

.ore tvinning .odes beea.e active and the incidence of 
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tvinning increases, especially that of {1121} twinning 

(see Fig. 4). On the other hand, it was found that 

during rapid straining at. 77 K, aIl twinning mechanisms 

appeare& to obey a resolved shear stress law and, at the 

same time, the resolved shear stresses for aIl four mecha-

nisms apparently approached the sarne value. This indicates 

that twin nucleat~on is a strongly stress dependent process. 

It was also shown that a small pre-strain at'77 K to 

-nucleate {112l} twins followed by testing at room ternpera-

ture increased the ductility of the material over a speci-

men deforrned ent~rely at room ternperature. This effect 

was attributed te the relative ease of growth of twins 

that vere nucleated previously under conditions where high 

stresses had to be Lmposed to ca~~e plastic flow to occur. 

This also emphasized the importance of introducing other 
\ 

modes of deformation in order to ensure plast1city. 
-

It should be mentionéd that although the {lOI2} and 
-

{ll21} (tensile) twinning modes vere the most frequently 

'found, {1122} (compressive) tvins vere also observed. 
. - -

The latter retwinned extensively by both {1012} and {1121} 

t~inning. This behaviour was explained in terms of texture 
-rotations brought about by the {1122} twinning mode in 

which the material rotates into a favourable orientation 

for tensile twinning, whereas the rotations brought about 

by the two tensile twins reorient .aterial to faveur prisa 

alip (aee Fig. 5). Although no explanation for th. pr •• -
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-ence of the {1122} compression twins in the tensile test 

was put forward, their occurrence can be explained i~ 

terms of the necessity of accommodating compressive 

strain in directions perpendicular to the stress axis 

during a tensile test; thus, if some crystals are orien-

ted with their c-axes within 60 to 90 degrees of the 
-stress axis, there ex~sts the possib~lity for {1122} 

twinning tQ occur. 

As the temperature was raised, an increased incidence 

of kinking was reported, with weIl defined kink bands 

being observed at 540 K. Th~ nature of the lattice rota-

tions at kink band boundaries was explained in terms 

of dislocations lying on the basal plane and having Burgers 
-vectors parallel toa <1120> c10se-packed direction. This 

was later confirmed by Martin and Reed-Hill!19) who also 

suggested that this process was further evidence for the 

occurrence of basal slip as a secondary slip system in 

polycrystalline zirconium deformed at h1gh temperatures. 

The fact that twinning was less and less frequent at 

higher temperatures was consistent with the view that the 

frequency of twin nucleation was strongly stress depen

dent. An important observation regarding kinking was that 

it occurred in compress1on specimens 1n grains where the 

stre •• axis was a11gned close to the basal pole. Kink1ng , 

18 therefore another deformation mechanism which can lead 

to height reduction alo~ the C-axi8. 
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2.3 Deformation of Zirconium Alloys 

Most of the research concerning deformation mecha-

nisms in zirconium ailoys has been directed at identifi-

cation of the systems operating in an effort to explain 

the observed fabrication textures as weIl as their forma-

tion and stability. Early work carried out by ~eed-Hill 

showed that the same mechanisms operated in)tLrcaloy-2 , 
• as in zirconium at room temperature. concurr~tly, 

~ 

Picklesimer(30) ~escribed the highly anisotropie yielding 

behaviour of textured Zircaloy and was the first to explain 

this in terms of the relevant deformation mechan1sms. 

He found that the yield stren~th in compression for direc

tions which required reduction paraI leI to the c-axis was 

considerably higher (in sorne cases by a factor of two) than 

that for tension along the c-axis. He suggested that this 

was ~ indication that the stress level for {1122} twinning 

-
was considerably higher than that for {l012} twinning. As 

mentioned in the last section, {1122} twinning is the rredo

minant method for height reduction along the c-axis in 

unalloyed zirconium, although in zirconium alloys, this is 

not the only possibility. 

For example, Jensen and Backofen(31) investigated the 

deformation and fracture behaviour of Zircaloy-4 

and zirconium sheets with strong (0002) texture •• 

They employed plane strain compre •• ion at tempera

ture. tram 298 K ta 1000 K. They tound that, below 



( 

'AU C$ 

33. 

600 K, Zircaloy-4 accommodated compression Along [0001] .. .. 
by <c + a> slip, with dislocations mainly confined to thin 

bands oriented close to {1124}; whereas pure zirconium 

deformed by {1122} twinning followed by second and third-

order retwinning. Above 600 K, there was no essential 

difference in the deformation behaviour of zirconium and 

Zircaloy-4, both deforming by a combination of {1011} .. .. 
twinning and <c + a> slip. This kind of deformation 

- .. .. 
behaviour, i.~. {1011} twinning and <c + a> slip, was 

also observed in specimens deformed in uniaxial compres

sion, which eliminated thè constraint inherent in the plane 

strain compression tests. It should be recalled that 

<c + a> slip on a system of the form {1121}<1123> or 

{10Ïl}<1123> was induced by Tenckhoff(24) using highly 

constrained deformation in single crystals of zirconium. 

Jensen and Backofen also observed that the flow stresses 
'ta 

in compression were considerably higher than in tension. 

Lucas and Bement(32) carried out a study of the 

strength differential effect in the Zircaloy cladding of 

LWR* fuels. They suggested that the strength differential 

arises from the higher stress levels required for the acti

vation of compressive deformation modes than for that of 

tensile modes. The strength differential ia thu. affected 
1 

by the proceasing route of polycryatalline Zircaloy inasmuch 

*Light Water ReActors 

• 

-
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.s the lattice rotations associafed with cold vork fabri-

cation proeesses align the {0002} poles Along the symmetry 

di'rections of product forms. They reported that these 

strength differentials wer~ of significant magnitude 

even at temperatures exceeding 700 K. 

Thus it seems that deformation along the c-axis can 
~ .. 

be readily accomplished in zirconium alloy by <c + a> 

- -slip, speeifically on {1011}<1123> slip systems, rather 

than by twinning, and this conclusion is supported by the 

recent resul ts of MacEwen et al (33) .concerning the 

Bauschinger effect in Zirealoy-2. 

From the preceding discussion it seems clear that the 

deformation mechanisms in zirconium and zirconium alloys' 

depend in a complex vay on the stress state, texture, 

composition, temperature and strain rate. These factors, 

taken toge~her, make the rnechanical behaviour o,f zirconium 

and its alloys a highly anisotropie one. De.pite the se 

eomplexities, these alloy. are of great utility as engineer-

ing materials, especially in the nuclear industry. Some of 

the application aspects of thes. materials Are dealt vith 

in the following chapter. 
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CHAPTER 3 

ZIRCONIUM ALLOYS FOR PRESSURE TUBES 

3.1 Environment of Operation and Desiqn 

The most va1uable nuclear property of zirconium vhich 

leads to its use in nuclear reactors is its low thermal 

neutron absorption cross-section. This, together with 

its adequate corrosion resistance and strength, make zir-

conium a unique material for nuclear applications. The . 
physical properties of zirconium are glven in Table V. 

In the Canadian design of nuelear ractor (CAMOU·), which 

i. ba.ed on the use of natural uranium, the reactor core 

contain8 a complex lattice of zirconiua alloy fuel channela. 

Uranium oxide (U02 ) i8 used as the fueli it i8 

clad in zirconium alloy tube., and heavy water (D20) i. 

e~loyed as both moderator and coolant. The pres_ure 

tubes in the reactor core are horizontally oriented to 

facilitate on-power refuellinq and are subjeeted to 

operation at te.pera~ures in the range 523 to 585 1 vith 

• a coolant pre.aure of Il.1 NPa and at a fast neutron flux 

of approxt.ately 3 x 1017 n •• -2 •• -~In addition, the pr.s

.ure tubes are aubjected to • biaxial str.s. state p~uced 
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Table v. Typical Physical properties • 

Atomic number 

AtolDic weiqht 

Oensity at 300 K 

of zirconium 

Meltinq temperature 

Transition tempe rature a+6 

Coefficient of thermal 
expansion at 570 K 

Specifie heat at 300 K 

Thermal conductivity at 
300 K 

Thermal neutron capture 
cross-section 

Electric resistivity 

Young's modulus at 300 K 

Poisson'. ratio at 300K 

La~tice parameters at 300 X 

40 

91.2 

6.5 mg/ml 

2125 K (1850 0 C) 

1135 K (862°C) 

[1120] direction 6.3 x 10~6/K 

[00011 direction 10.4 x 10·6/K 

276 J/Kq.K 

20 w/m.K 

microscopie 0.18 barn 

macroscopic 0.008 clD2 /cm3 

0.44 UQID 

-
[11201 direction 99GPa 

[OOOl} direction 125 CPa 

0.35 

. 
hexagonal a a o • 0.323 na co· o. 515 na 

body cent.red cubic B ao • 0.359 na 

• 

• 
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by the pressure of the coolant and the weiqht of the fuel 

bundles. The ratio of circumferential stress to axial 
.1 

stress is about 2. 

The design criteria for pressure tubes are based on 

Section III of the ASME Pressure Vessel Code, although 

the code does not deal with zirconium alloys. The restric-
. 

tions on the maximum design stress are as follows: 

(1) cr < 1/3 of UTS (ultimate tensile stress') 

(2) cr < 2/3 of YS (0.2% yield stress) 

(3) cr < 60% of the stress estimated to give a rupture 

life of 100,000 hours 

(4) cr < stress to give a creep rate of 10-7 h- l 

The important factor of neutron economy in the reactor 

core provides a considerable incentive not to reduce the 

stress in the tube by increasing the wall thickness. 

,Figure Il shows the design curves for cold worked Zirca-

10y-2, one of the zirconium alloys used as a pressure tube 

alloy, based on out-of-reactor tests. At reactor operating 

temperature (573 K), the lowest stress in the design curve 

i8 for 1/3 UTS which i8 therefore the lLmiting property for 

design. Design curves for Zr -2.5 vtt Nb alloys, another 

alloy u8ed as pressure tube material, are similar but, 

as will he di.cussed later, -the values for 1/3 UTS are 

higher. 
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Any alloy to be used as a pressure tube material must 

have adequate neutron economy, satisfactory creep strength 

and sufficient ductility under in-reactor conditions; it 

must also resist corrosion by the reactor coolant. At 

present, pressure tubes in the following alloys and 

metallurgical conditions are being utilized in modern 

CANOU power reactors: 
~ 

Alloy 

Zircaloy-2 (Ref. 44) 
• 

Zr -2.5 wt% Nb (Ref. 45) 

Zr -2.5 wt% Nb (Ref. 36) 

Metallurgical Condition 

Cold worked 

Quenched and aged 

Cold worked 

The mechanical properties of these all~ys are given in 

Table VI at 575 K, which is the general reference tempe-

rature for properties. The modernmethod of producing base 

zirconium of appropriate quality for nuclear applications 

leads to material which is almost frae of inclusions, with 

a maximum impurity content of 3400 ppm, ~l at.%. (34) The 

chemical composition specifications for Zr -2.5 wt% Nb 

made from such ingots are given in Table VII. 

The alloy ingots are subsequentIy preheated to 1250 K 

and forged into round bars using fIat and rotary forges . • 
The bars are then machined into hollow billets suitable 

tor extrusion. To produce a more uniform microst,ucture 

~ l , J ~ 

t 
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Table VI. Pressure tube tensile properties at 565 K 

Material Testa 0.2% Yield Ultimate Elonga-
Strength Tensi1e tion 

Strength (\) 
MPa kpsi MPa kpsi 

Cold-worked LT 320 45 . 380 54 26 
Zircaloy-2 

TT 350 50 370 52 23 

Cold-worked LT 370 53 530 76 15 
Zr-2.S vt' Nb 

TT 540 77 570 BI 23 

Heat-treated LT 480 69 600 86 19 
Zr-2.5 wt\ Nb 

TT 670 95 690 9B 12 

a Abbreviations--LT, longitudinal tensile; TT, transverse tensile. 

,--. 

---

Reduction 
in area 

(\ ) 

55 

54 

50 

54 

61 

50 

... 

..... 
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Table VII. Chemical composition specifications 

for Zr-2.5 wt' Nb ingots 

A.11oying Elements 

Niobium 2.40 to 2.80 wt% 

Oxygen 900 to 1300 ppm 
5.2 to 7.4 x 10-1 at.% 

Impurity Elements ppm maximum (at.%) 

Aluminum 75(2.5 x 10- 2) 
Boron o . 5wt % (4 . 2 x 10-4 ) 
Cadmium o. 5wt% (2.1 x 10- 5) 
Carbon 270 (2.1 x 10-1 ) 

Chromium 200(3.5 x 10-2) 
Cobalt 20(3.1 x 10-3 ) 
Copper C7.2 x 10-3) 
Hafnium 50(2.5 x 10-3 ) 

Hydrogen " (1.8 x 10-1 ) 
Iron 1500(1.1 x 10-1 , 
Lead 130(5.7 x 10-3) 
Magnesium 20(7.5 x 10-3) 

Manganese 50(8.3 x 10-3 ) 
Mo1ybdenum 50(4.8 x 10-3) 
Nickel 70(1.1 x 10-2, 
Nitrogen 65(4.2 x 10-2) 

Silicon 120(3.9 x 10-2) 
Tantalum 200 (1 x 10-2) 
Tin 100 (7.7 x 10-3) 
Titanium 50(9.5 x 10-3) 

Tung_ten 100(4.9 x 10-3) 
Uranium 3.5(1.3 x 10-4 ) 
Vanadium 50 (9 x 10-3) 

42. 
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and to refine the grain .1ze, eitber the forged baÏ:'s or 

the .. chlned billet. are beta quenched fra. 1290 K •. The 
, 

billets are CU clad to prevent ~xcessive oxidat10ft. (35) 

At 1200 K, the preheatinq te.perature for extrusion, 

Cu and Zr fora a low-.. ltlng point eutectic and thin sheet 

steel is used as a diffusion barrier betveen the zirconiu. 

alloy and the copper. Another advantaqe of Cu claddinq 

i. that it provides a surface tbat is receptive to lubri-

cantsi this ia Lmportant becauae zirconium alloys are 

prone ta gallinq. 

In the case of cold worked Zircaloy-2 and Zr -2.5 

vtl Nb, the extruded tubes are cold drawn in tvo passes, 

each of approx~tely 12 ta 15' reduction in area, at draviDg 

-1 speeds of less than 25 .m·s After this, the pressure 

tubes are stress relieved in an autoclave for 24 hours 

at 675 K. This process also produces a hard adherent 

oxide layer on the tubes. On the other band, heat treated 

Zr -2.5 vtl Nb extrusion. (36) are vater quenched from 

1150 K, cold dravn Ln one atep of approxt.ately 12' reduc

tion in area, aDd aCJed at 775 K for 24 hour •• 

l/3 Recbanical P~ti •• 

l~3.1' Iffeet.of heat trea~t 

~ical .-chanieal properti.. of lircaloy-2 and Ir 

-2.5 vt' Nb alloy in variou. beat tr .. ted CODditioaa are 
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q1 .. n in Table VIII. As can be ... n, b.at tr.at.ent of 

11rcaloy-2 does not t.prove the strenqth of th. alloy. 

'1'be h1qher .trenqth of quenched Zircalay-2 as cc:.pared 

to the alow cooled material ia partially due to the finer 

effective graln size of the Wldâanstltten structure pro

duced. Dy contrast, Zr - 2.5 vtt Nb in the B- or (a + 8'-

1 quenched condition ia much stronger than ln Any other 

~.- condition because of the preaence of the martensitic 

œ'-phaae. Aging this structure at 775 K haB only a minor 

effect on the atrength of the alloy (aee Fig. 12'. This 

ia becauae: 

(1' S-Nb precipitat.es, lead1.Dg to an mcreaH in 

atrenqth; 

(li' there i8 concurrent recovery of a', reaultlng 

in a decrease in 8trenqth, and in a small 

effect on the machanical properties • 
. \ 

The effect of time at high temperaturea is alao shawn 

in Fig. 12. Bere it can he seen that when the a' phase ia 

heated into the (a + S'-phase reglon (870-1170 ,K', lt 

rapldly transforas to a (vith little Nb in solid aolution) 

and S (enriched vlth Nb,. Thla re.ulta in a considerable 

decrease in hardne.s and atrenqth. 
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Table VIII. Typical room temperature ten.ile properti •• of 

Zircaloy-2 and Zr-2.5 Nt' Nb 

0.2\ 't.:) UTS 'El 'RA 
Alloy Material Condition ItpsI RlSa 1ëps[ MISa 

alow-cooled trom 1025K 48 330 72 500 22 40 
(750 C) 

slow cooled from l2175K 48 330 63 470 22 35 
"'. (1000 C) 

lircaloy-2 water quenched fram 1275K 68 470 .14 580 16 50 
(1000 C) 

20' cold worked 80 550 85 590 30 45 

40' co1d worked 85 590 90 620 10 35 

slow cooled trom 1125K 50 350 74 510 28 48 
(850 C) 

alow cooled trom 1275K 76 520 89 610 13 46 
(1000 C) 

Ir-2.S water quenched fram 1275K 106 730 115 790 9 38 

wt'Nb (1000 C) 

water quenched fram 1125K 109 750 120 820 14 60 
(850 C) 

20' cold worked 85 590 90 620 15 46 

40\ co1d worked 90 620 100 690 13 50 .. 
Ut 
• 
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3.3.2 Bffact of cold work 

Cold work incr ..... t,he atrenqth of Zirealoy-2 and 

Ir -2.5 vtt Nb due to the iner.a.e in dialocation denaity. 

7able VIII, .s vell as Figs. 13 and 14, show the effect. 

of e01d work on the .. chanica1 properties of the two 

alloy •• 

3.3.3 Effeet of grain .ize 

Figure 15 shows the effect of gr.in size on the yiéld 

atre.s of hot worked Zr -2.5 vtt Nb. (43', As can he seen, 

the latter can be increased to 520 NPa by decreasing the 

grain size. The flov stress of zirconium alloys follows 

the Petch equation: 

cr • a + kd- l / 2 
i (3.1) 

where a is the flov stress, 0i is the flow st~ess of a 

aingle crystal, k is the grain boundary strengthening 

coefficient and d i8 the grain 8ize. 

3.3.4 Age hardening, recovery and recrystallization 

Zirconium alloys used in the fabrication of pressure 

t.ube. are usually 'stress relieved at 675 K after co Id 

drawing. At this temperature, Any change in the strength 

of the pre.sure tube alloy is due to recovery. Recovery is 

a thermally activated process and is affected by the amount 

of prior deformation by cold work, the direction of the 

~t.rnal stres •• s and the cry.tallographic texture of tWe 
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alloy. Figure 16 shows ~he width of the (0004) a-phase 

diffraction peaks of cold worked Zr -2.5 wtt Nb. It la 

readlly seen that, at 575 K, recovery is very slow, 

while at 775 and 875 K, there is rapid partial recovery 

followed by changes at a much smaller rate. It is evldent 

that the higher the temperature, the greater the initial 

recovery. In arder ta abtain full recovery in times less 

than thousands af hours, it 15 required to heat the mate-

rial to temperatures above 875 K. 

The rate of recovery is alsa increased by increasinq 

the amount of cold work (Flg. 17). ElIs and Cheadle(42) 

have shawn that textures also affect recovery. Figure 

18 shows the mechanical properties af 40% cold worked 

Zircaloy-2 as a function of temperature and of the 

orientation of samples made from rolled sheet with a pro-

nounced initial texture. As can be seen, short transverse 

specLmens hardened after heating in the range 575-775 K. 

This increase in strength was partially attributed to a 

Bauschinger effect which arises from the reversaI of the 

stress state in a tensile test on samples taken from the 

short transverse direction of the rolled sheet. In addi-

tion, this effect was also attributed to a smal1 amount 

of age hardeninq which had a qreater effect when deforma-

tion was initially by twinninq rather than by slip. The 

r •• ult. for 40~ cold rolled Zr -2.5 wt' Nb were aimilar 
, 

but more pronounced (Fig. 19). The yield stresa of the 

• 
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short transverse specimens vas decr.a.ed be10w that of 

the longitudinal and transverse specimens due to the 

Bauschinger effect. However, after work hardening, the 

UTS's were in the order expected from the texture of the 

specimens, with the short transverse the strongest and 

the longitudinal the weakest. AlI the specimens age 

hardened in the temperature range 575-775 K and aga1n the 

effect was larger in specimens that initially deformed 

by twinning. 

Such age hacdening in Zr -2.5 vtt Nb alloy has been 

attributed(43) ta the increase in strength of the Nb-rich 

cubic 8-phase when w plates form within it. The w then 

pehaves as a fibre strengtbening phase. 
~ 

The isochronal recovery and age hardening of a 20\ 

cold worked tube is shown in Fig. 20. At 575 and 675 K, 

the increase in the hardness of the grain boundary 8-

phase is gr~ater than the recovery of thE a-phase and 

there ~s a small overall increase in hardness. Above 

875 K, the recovery of the a-phase is the dominant factor 

and there is an overall softening. Recrystallization 

usually only starts when recovery is almost completei 

i.e. after Many hours at 875 K or after a few minutes at 

1075 K. 
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Wldth of the (0004) X-ray diffsaction pea~ 
of 20~ cold worked Zr-2.S wt% Nb a110y 
after heating at different te~peratures . 
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3.4 Metallurg~cal Propert~es of Z~rcon~um Alloy 

Pressure Tubes 

In this sect~on, the metallurg1cal propert1es of Z1r-
-~ 

conium alloy pressure tubes will be d1scussed 1n terms of 
'( !" 

the effects that operat~ng condit~ons, such as neutron 

1rrad~at~on, 1mpose on the performance and serV1ce l~fe 

of the pressure tubes. 

3.4.1 Creep and growth 

Irradiation creep ar1ses from the application of an 

external non-hydrostat1c stress dur1ng 1rradia~1on. This 

applied stress causes the evolv1ng m1crostructure to ~nter-

aet with the 1rrad1at~on produeed p01nt defects 1n an ani-

sotropic way. Irradiat~on growth, on the other hand, only 

oecurs 1n crystallograph1cally anisotrop~e materials and 

requires the response of the evolving m1crostrueture to 

be naturally anisotropie in the absende of applied stress." 

The meehanisms by Wh1Ch irradiation creep oecur have 

been extensively discussed by Bullough and Wood. (46) 

They eonjeetured four fundamental mechanisms: 

a) Stress induced preferred absorption (SIPA) of . ~ 

the point defeets"on dislocations; 

b) Stress induced preferred nucleation (SIPN) of 

point defects in planar a9grega~es (edge dislo

cation loops); . '. 

, 0 
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c) Stress induced clLmb and gl~de (SICG) of the 

dislocation network: 

d) Stress ~nduced gas driven ~nterst~t~al depos~t~on 

(SIGD) . 

The phenomenon of neutron enhanced creep ~s the 11fe-

l~mlt~ng crlterion for z~rcon~um alloy pressure tubes. 

F~gure 11 shows the d~slgn stress data for cold-worked 
\ 

Z~rcaloy-2. As can be seen, fo~ temperatures above 620 K, 

creep strength becomes the limiting factor in the desig~ 

stress of the tubes. 

The secondary creep rate of pressure#tubes oPerat~ng 

over a ra~ge of condltions ln CÂNDU-PHW and -BLW reactors 

has been correlated(47,48) with neutron'flux, temperature , . 

and stress as follows: 

where 

. . 10-25 (T - 160°C) (3.2) Et = K • a . ô . 
t 

. 
- diametral creep rate, -1 

Et h 

O't = diametral stress (60 - 200 MPa) 

~ - fast-neutron flux (from 10 13 to 3.5 x 

1013 n· cm -2s -1 < 1 MeV) " 

K = constant z 5.8 cold worked Zircaloy-2 

2.1 cold worked Zr -2.5 wt% Nb 

3.2 heat-treated Zr -2.5 wt% Nb 

In the conventionai expression for creep at a given tem-

l' 
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peratur., 

• n .-1 
E - c • 0 • t 

under Ln-reactor condition., at low atrea., n ia clo.e ta 

l for aIl the three materiala. Bence auch creep deforma

tion 1s deacribed as 'superplastic.' (48,49) The tendeney 

to necking and flow localization is reduced and hiqh 

ductility is obtained. Also, the aecondary creep rate 

as described by Eq. (3.2) is independent of t1me, i.e. m 

(Eq. 3.3) is 1. Considering that the equation only applie. 

for high neutron fluxes, then as the flux approaches 'zero, 

the creep rate and the time exponent "m" must approach 

the values for out-of-pile tests, which is about 0.3 for 

the latter. (50) 

AB will be discussed later, zirconium alloY8 develop 

very strong crystallographic textures, which in the case 

of extruded and drawn pressure tubes consist of grains 

with basal poles in the circumferential and radial direc-

tians. Results from biaxially stressed tubes have been 

correlated with uniaxially stress~d specimens(52) with a 

stress adjustment factor based on preferred slip on the 

prism planes. A continuum mechanics approach was also 

used(53) to derive anisotropy constants for uniaxial and 

biaxial loading. (47,54) To satisfy boundary conditions, 

the uniaxial transverse creep rate must be lower than 

the longitudinal creep rate. 

\ 
~rom the abo~e analyaia it may be coneluded that 
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cold worked Zr -2.5 vtt Nb ha. the best creep character

istics and results show that the diametral strain of a 

pre.sure tube fabricated from this alloy is likely to be 
~ 

le •• than 3\ after 40 years of service. 

3.4.2 Mechanical strength and ductility 

The effect of neutron ~rrad~at~on on the yield 

strength and tens~le strength of cold worked Zircaloy-2 

and Zr -2.5 wt\ Nb was extensively studied by Langford(S7) 

and Ells and Fidleris. (54) Table IX shows typical values 

for uniax~al and b~ax~al strength for un~rradiated and irra-

diated z~rcon~um alloys. It is apparent that ~rrad~at~on 

increases both the un~ax~al strength, e~ther yield or 

tens~le, and the biax~al burst strength. Note that, 

, typ~cally, the biax1al strength is up to 15% higher than 

the uniaxial tensile strength in isotropie materials because 

plastic deformation is ~nh1b~ted by the superimposed longi-

tudinal stress (= 0.5 hoop stress); howev.er, ~n zirconium 

alloY5, the biaxial strength May be inereased by up to 

20% above the uniaxi~l strength because of the add~tional 

influence of anisotropie 'deformation modes. 

The reduction in duetil~ty due to irradiation is aiso 
, 

shown in Table IX. The different behaviour of Zirealoy-2 
" , 

compared with Zr -2.5 wt% Nb is also evident. Zirealoy-2 

bulges eonsiderably during the 575 K burst test, producing 

high diametrical elongations, whicQ are reduced after irra-

- . 
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Table IX. Burst test properties of zirconium alloy pre •• ure tube. at 565 ~ 

Material * 

co1d-worked U 

Zircaloy-2 l ,. 

co1d-worked U 

Zr-2.5 wt% Nb l 

heat treated U 

Zr-2.S wt% Nb l 

0.2% Y1el~ Strength 
MPa kpsi 

420 60.0 

550 78.~ 

530 75.0 

770 110.0 

650 92.0 

101.2 114.0 

-------=-

* u is unirradiated - l ia irradiated 
,,-~-

----_._--- ------ --

Burst Strength 
"'Pa kpai 

450 63.0 

550 78.5 

600 85.0 

780 111.0 

770 109.0 

1100 157.0 

Elonga
tion , 

28 

7.5 

3-7 

1 

2-5 
1 

------- ,. ---------

Reduction 
in area , 

35 
12-17 

30 

15-17 

20 

14 

" 

Ut 
\0 
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diatian. ae .. nt(S6) has explained this behaviaur as 

follows. Irradiated cold worked Zircaloy-2, with a tex-

ture oriented for .(1012) tw~nn~ng in tens~on, i.e. the 

circumferential d~rect~on ~n the tu~, generally shows an 

abrupt yield po~nt in unlaxlal tension tests at 575 K. 

This ls attrlbuted to mobile dislocatlons sweep~ng channels 

free of defects; 1.e., the moving dlslocatlons absorb 

defects and thus reduce the stress required to move the 

dis~cations that foilow. The situatlon after yleiding 

is therefore unstable, since the stress to lnitiate pIas~ 

tic flow exceeds the stress necessary to malntaln the 

flow. In the irradlated pressure tube under blaxial 

stress, plastlc flow can commence if a local stress concen-

tration (usually at the thlnnest wall section) reaches the 

yield stress, after which flow can continue unstably 

until the local stress is relieved. Failure will occur 

at this point while the remainder of the tube has barely 

yielded, as shown by the reduction in transverse elongation 

during burst tests of irradiated tubes. Under operating 
~ 

conditions, the stress in the tube is only one third of 

the unirradiated longitudinal tensile strength, and plas-

tic instability does not represent a problern. 

In the case of Zr -2.5 wt% Nb pressure tubes, bulging 

does not occur during the burst test, the circumferential 
6 

elongation is reiatively low and irradiation,reduces it 

slightly. This behaviour has been attributed(56) to the 

-
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qreater restraints on deformation imPosed by the higher 

strenqth of this alloy. 

The reduction in area at fracture in aIl the three 

alloY5 (Table IX) remain5 relatively large after irradia

tion. This is in part responsible for the very qood flaw 

tolerance of pressure tubes. 

3.5 Fabrication Textures and their Influence on ~he 

Mechanical Properties 

dl 

To take full advantage of the an1stropy of mechanical 

properties exh1bited by zirconium alloys one has to be 

able to understand its origin and in this way to control 

it. The only way to understand the anisotropie mechanical 

propert1es is in terms of the crystallographic texture of 

the material. In this way, correlations between ani50-

tropy and fabrication practice, str~ss-strain behaviour, 

etc. are possible. 

The first observations concerning preferred orienta

tion in zirconium were made by McGeary and Lustman. (56) 

They determined the texture of thin zirconium sheet as a 

function of fabrication h1story. Their results ShOW~ 
"",, - /' 

that cold rolling produces a texture consisting of basal 

planes parallel to the rolling direction with basal poles 

oriented at ±30 degrees from the transverse direction and 

no basal plane poles parallel to the rolling directiqn. 

'tiJ 

, 



) 62. 

Hot rolling below the recrystallization temperature did 

not alter the final texture. 

The texture formed by crGss-rolling consisted of 

basal planes in the rolling plane with <1010> d1rections 

located in one direction in the sheet (rolling or trans-

verse) and the <1120> directions located 1n the other. ~ 

Recrystaillzation of the cold rolled texture resulted J 
in a 30 degree rotation about the c-axis placing the 

-
<1120> directions in the rolling direction. Recrystalli-

zation of the cross rolled texture resulted in a switching 

- -
of the <1010> and <1120> directions in the sheet. 

An important result brought about by the crystallo-

graphically reversible nature of the ~-B phase transforma

tion, which has an orientation relationship(S7) (0001) Il 
a 

(110);3 , (1120) a /1 (Ill) B ' is that, al though a-recrystalli

zation annealing rotates the texture in the basal plane, 

the basal texture is not altered unless the rnaterial ls 
1 

cycled through the a-B trart.sforrnation. 

Textures in zirconium alloy tubes have been exten

sively lnvestigated!23,22,57,58) Most of this research 

has shown that the textures produced in the fabrication of 
... 

tubing are dependent on the details of the fabrication pro-

cedures used, including types of equiprnent, extrusion 

ratios, die angles, mandrel dimensions and angles, reduc-

tion per pass, number of passes between anneals, changes 

in wall thickness vs. c1rcumferential reduction in each 
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operation, etc. 

Picklesimer(60) carried out an extensive research 

program on the textures developed during tube form~ng ope-

rat~ons, He po~nted out the importance of prior processing 

on tube textures and performed an analys~s of the defor-

mation ln varlOUS tube formlng operations. Essentially, 

he concluded that the textures developed by fabrication 

methods other than rolling can be rationallzed and estl-

mated from a knowledge of the rolling textures if an appro-

ximate plane strain condlt~on ex~sts during fabrication and 

the plane of stra~n can be identified. Figure 21 shows the 

strain states and orientations of un~t lattice cells, both 

( 
before and after deformation for rolling and.several tube 

production processes. 

The kind of analysis Pickles~er proposed can only be 

carried out ~n terms of ideal orientations and, since tex-

1 

ture format~on also depends on prior processing, the results 

are consequently only approximate. Nevertheless, this 

concept is particularly useful when the textures can be 

related to rnechanical properties. This is done in terms 

of the basal plane normal, which is the hard direction 

in the Hep structure. Thus the textures of different tubes 
~ 

can be compared in terms of the.basal plane orientations. 

Figure 22 shows several such idéal orientations and their 

representation in both direct and inverse pole figures. 

These idlal orientations are the result of a s~pli-

# tW N , 
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fication of the observed textures and in the case of zir-

conium alloy tubes the textures observed consist of basal 

pales concentrated in the radial direction (C, 'Fig. 22), 

in the tangential direction (A, Fig. 22), ~n both direc-

tions, or in orientations w1thin 40 degrees from the 

radial or tangent1al d~rect~ons (CB and AB respectively, 

Fig. 22). These are the commonly observed textures detec-

ted in cold worked pressure tubes. However, Cheajle and 

Ells(59) have shown that basal pOfes can also be found in 

/ 
the axial direction or w~thin 40 degrees from ~t ~n heat 

treated Zr -2.5 wt% Nb, but not in Zircaloy-2 1D and DB, 

Fig. 22). 

Texture coefficients can be given to the ideal~sed 

orientat~ons for the quant~tative comparison of tubes. A 

texture coefficient is the relat~ve number of cryst~llogra

phic planes paral~ to a given surface compared to the 

number in a random s~le. The larger the value the more 

intense ~s the texture and a texture coefficient of one 

denotes random orientation. Table ~ gives a\summa~y ~f 

reported textures in tubes of zirconium, Zircaloy-2 and 

Zr -2.5 wt% Nb in terms of ideal orientations and texture 

coefficients. 

One of the important observations which led to the 

above rationalization of textures in zirconium alloys was 

that,in any case, the stable texture observed consisted 

'of basal planes parallel to the direction of maximum tensile , 

4 
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1 Table x. A summary of reported textures of tubes 

of zircalOy-2, Zr-2.S vtt Nb and zirconium 

Texture cOefficient. 
Manufacturing method and material 

A AB CB C DB ~ 

as extruded 

as extruded, plug drawn Zircaloy-2 

as extruded, zirconium and. Zircaloy-2° 

as extruded, cold drawn (NPD prOduction) 

Zircaloy--2 

.-' 

as extruded, and cold drawn 56.8% 

as extruded, and cold swaged 74.7% Zircaloy~2 

as extruded, and cold drawn (NPD producti~ 

Zircaloy-2 

as extruded, Zr-2~5 wt% Nb 
as extruded, Zr-2.S wt% Nb c 

plus water quenched from 8aO°C, aged 500°C 

If-

A/AB>C/CB 

A/AB>C/CB 

A/AB>C/CB 

A/AB>C/CB 

4 3 

~ 

2~7 1.4 

6.2 1.5 

3.3 0.7 

3 
3 -

1.6 

4.2 

0.7 

2 

4 

1.3 

3.3 

..: 

2.0 

..• cont'd 

0'1 ..... 
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Table X--cont'd 

Manufacturing method and materiàl Texture coefficients 

, A AB CB C Op 0 
~ - ./ 

extruded and cold-drawn Zr-2.5 wt% Nb 1.3 1.5 3.7 2.1 , 
• . extruded and cold-drawn A/AB <C/CB 

• extruded and tube reduced _ Zircaloy-2 AI AB'l.C/CB 0 ( 
" 

e~truded and cold~rawn Zircaloy-2 " , A/AB"-C/CB 
'" 

extruded and cald drawn Zr-2.5 wt% Nb A/AB>C/CB .-

extruded and c,old drawn Zr 2.5 wt% Nb, plus 
• 

aged 5 h at 500°C 
t 

O/nS> C/CB '" water quen~hed lOOOoC, A/AB>C/CB 
, 

extruded 8 2 ... ") 

" 
extruded and tube reduced Zi:;caloy:-2 3 2 2 

• 
ex~uded and tube reduced .. " • " b 

plus cold d:r:awn 3 3 ,,-
• • 0 .. , 

b l 
extruded and~cold drawn 2.'4 2.7 1.9 3.3 t 

. , , -, 
" extruded and tube reduced Zircaloy-2 1.1 1.0 3.7 5.0 

... 
~extruded and tube re9uced 

., 
8.1 . 2.4 1.3 2.3 

.. '" \ . "1 
b OD ," ... ~ , 

t 
• 

L .. 
___________ -L-_, ___ ._.l' __ ~ __ ~~ 
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strain èUld basal po~es predominantly in the direction of 

~1mum compressive strain: when a ·pla~e strain" condi-

tion can be identifi~ in a given process, this leads te 

possible textures which are analogeus te those obtained in 

rollinq. 

Many attempts have been made te explain the stable 

texture in zirconium alloys by considering the available 

deformation mechanisms. As pointed out in Chapter 2, the 

formation and stability of the texture can he explained in 

terms of a séqUence of twinninq operations, involving at/ 

least six different sets of twins. (22) A much simpler 

explanation was suggested by PickleS1mer,(23) who asgumed 

that slip in ~1123> directions could occur. This direction 

occurs on {IOÏO}, {~Oïl}, {llil}, and {1122} planes (see 

Fig. 23) and cross slip should be possible between the 
o 

slip systems. These. slip systems would produce a strain 

companent perpendicular to the basal plane. No larqe 

chanqes in basal pole orientations are required when these 

s~ip systems operate, and the developed texture ~hould 

remain essentially the s~ on further rollinq. 
(27)' . · 

Ballinqer suqqested that the incorporation of 
+ + . 

<c + a> slip into the deformation process wou1d exp1ain 

the observed texture and atability of rolled plate by using 

a single twinninq operation, {1012}, -and prismatic sliP .• 

Essentially, he propoaed that for an initial~y random 
, 

texture and for reduction by uniaxial cOlllpression, the 

• 
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Figure 23. Pos.ibl~ slip planes for pyramidal slip .. .... 

• -

vith. I<c+a> -.raers vector. 
, .. 

> 

l '4 p.?-<,t.Y14 \ •• "'!:s- 'IfS';: P !il) ~ ~, Il'; 

70. 

\, 

'. , 

, . 



l 

.. 

;-
-

71. 
f. 

operation of {l012} twinninq, which would occur in'grains 

vith baS,! poles locat.ed within 4S deqrees of the rolling 

- -or transverse directions, would rota te the basal poles by 

-85 deqrees, resulting in a pole distribut~on which is 

symmetrical about the plane normal and eut off at approxi

mately 45 degrees to the rolling and transverse directions. 

After this. initial ~eforma~ion and the formation of the 

inttial texture, the operation af slip in the two systems 

mentianed above acts ta sharpen the texture. Prism slip' 

accounts for most af the large axiAl extensions in the 
... .. 

rolling direction and <c + a> slip waulq be respansible 

for the through thickness reduction. Th~ action of the 

- -
{~PlO}<1120> systems i5 to reorient the basal plane into 
,- -

the rolling dirèction while rotating the <1010> directions 
. " 

into the ro·llinq direction as w~ll. This rotation to 
- ' 

<1010> in the rolling direction is the result of conjugate 
- - -slip on {lOIO}<1120> systems (the <1010> direction bisects 

the angle between <i120> directions,. 
. -

The angle between the {1011}' planes and {0002} planes 

- -is -60, degrees and compressive strains on {lO~}<ll~l> sya-

t'" rotate the slip plane such that it wi~l approach the 

normal to the compression axis. The two slip operations act 

to distort the initially symmetric texture to the observed 

final texture con.isting of one with no basal poles'in the 

rollinq direction and a spread of poles peaked in the noraal 

transverse plane at approximately 30-40 degre.. ta the 

$ g 4 'Et'" 4 0.. e ..... a ~! a 3$#4,*, t~,h' 
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transverse direction. 

The basal planes will be parallel to the rollinq 

-plane with a'<1010> direction in the ro11ing direction. 

The large axial strains in the rol1in~ direction tend to 

eliminate any rotation of basal poles into the rolling 
- -4irection throuqh the {1011}<1123> slip operation. 

~ 

The above model of texture formation and stability 

can be applied to tube forminq operations if an appropriate 

·plane strain" condition can be identified in the fabrica-
J 

tian process. In addition, an equivalence must ~e estab-

lished between the radial, axial and circumferential di,rec-

~ions in the tube and the normal, rolling and ,transverse 

directions in the plate respectively. 
\ , 

However, tube fabri-

cation processes are more complicated than rollinq, with 

stress states which are much harder to define and with 

superLmposed shears and redundant deformations. 

3.6 Development of Zirconium Alloys 

One vay of markedly improvi~q the thermal efficiency 

of water-based reactors 15 by ralslng the out let coolant 

temperature from 575 K to 675~725 K. This would produce a 

h·igher efficiency of energy conversion in turbines fed witb 

superheated ste,m. A second method lnvo1 ves the thermal 

neutron- efflcieney of ~he reactors, whicp ~an be improved 

by decreasinq the wall thickness of the.pressure t~s. 
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Bence there exists an incentive for the development of 

zirconium base alloys for use 'in heavy water reactors 
. . 

designed to operate at higher coolant pressures and 

temperatures. Such investigations fall under the theme 

of the development of high temperature creep resistant 

alloys, although the behaviour of reactor alloys is of 
. 

course complicated by.neutron flux effects. 

Wilcox(61) has su~ted an empirical relattonship 

which could take into account the factors that control the . 
tensile strength of refractory metal alloys at high tempe-

rAtures: 

a :1: a + o 
f(Grb) + f(l! '2.!1) + f1-1 1 ôQJ) a 6~ G &el + OSRO 

\ 

(3.4) 

where G is the shear modulus and b is the Burgers vector 

for mobile dislocations, and the other symbols are defined 

below. By analyzing this equation, it is possible to see 

that the high temperature (creep) strength, 0, developed in 

a matr1x of base strength ~iS promoted by: 

• 
(1) Small precipitate-spacing, À; 

. 
(2) Bigh solution hardening due to the atomle mi.fit 

parame ter 1 ~ ~ 1 : .. 

(3) An increase 1n shear modulus by alloy1nq. 

(DoUqlas(62Y determined that Nb additions tend to 

-------------------- --._-
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reduce both the elastic and shear moduli at 

room temperature); 

(4) An increase in short range order in the alloy, 

and therefore in 0SRO ; 

(5) An increase in the stable dislocation density, Pi 

(6) A small mean grain diameter, d (this effect 

depends not only on d but also on the effective 

grain~boundary immobilization); 

(7) Introduction of a significant volume, V
f

, of fiber 

r~inforcement~ crf~ 

William~) carried out a very complete review of the 

facto~s mentioned above and the extent to which different 

alloy elements can contribute to cr in equation (3.4). Table 

XI lists the characteristics of several alloying elements . 
which are attractive in terms of strengthening potential 

and neutron absorption. These alloying el~ments contribute 

to the last five terms of Eq. (3.4); furthermore, aiioys 

containing these elements can be strengthened by thermal 

and mechanical processing techniques. Alloys containinq 

a-stabilizing elements can be quenched from the a-phase 

or high in the (a + al-phase field to produce a fine 

twinned martensite structure which i8 supersaturated in 

a-stabilizing elements and has a very fine effective grain 
~ 

size. This structure can be further hardened by aging to 

precipitate the B-stabilizing .laments. 

( 
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Table XI. Possible alloying additions for 

Element 

Tin 

Aluminum 

Lead· 

Molybdenum 

Niobium 

Silicon 

. , 
a-z~rconium based alloys for 

nuclear applications 

, 

Effect of 1 At% 
Addition 

on Cross Section 

1.7% 

1.8% 
." 

-0.4% 

13\ 

6.6% 

-0.1% 

• 

Eff.ect of 
Addition 
o~ Phase 
Stability 

f 

Strengthening 
MechaniSI:l 

Stabilize Solution Strenq-
HCP a-Phase then a-Phase . 

Stabilize Solution Streng-

BeC B-Phase then B-Phase. 
Precipitation 
Strengthen a-Phase 

Very low Solution Streng-
Solubility thening 
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The effects of combinatio~s of these alloying elements 
1 

have been studied ~y Williams et al(65) and Ibrahim et 
1 

\ al. (66) Aluminium and lead, although effective a-solution 

strengtheners, are very detrimental to the corrosion resis-

tance of a-Zr in water. Silicon has very little effect, 
" 

on the properties unless its concentration in the alloy 

ls large. It was'- found that Nb, Mo and Sn w~re the ~st 

promising alloylng additions. 

The present work deals with the anisotrbpic mechanical 

behaviour of one of these alloys which was the result of 

an intense research program undertaken at Chalk'River 

Nuclear Laboratories'JAECL, in 1969. This alloy was 
'. 

designated to replace the Zircaloy-2 and Zr -2.5 wt% Nb 

alloys in current use as pressure tube materials in future 

power nuclear reactors and has been named ~Excel". The 

composition of thls ailoy was specified as: 

Element vt' 1:lement 

Sn 3.5 

Mo 0.8 
f" 

Nb 0.8 

0 1100 PPID 

B 20 PPID 

tr + iJDpurltl •• Balance 

Tin 18 an alpha stabl11.zer and 1. partlcularly attractive 

a. an alloying addition becaus.: 
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(1) It has a low neutron capture cross section; 

(2) Zr4Sn precipitates should be stable for diiper

sion hardeningi 

, (3) It reduces stacking fauit energy, which makes cross 

slip more diff icul t and inereases the strength i, 

(4) It reduces the gra~n boundary migration rate, 

which should increase creep resistance at high 

temperatures. 

A great deal of information about the ~hort term . , 

(strength, microstructure, texture) and long term (eorro-

sion, delayed hydrogen cracking, creep and growth) proper

ties of Exéel alloy has been obtained sinee the alloy was 

devised as a potential pressure tube material and the 

major outeomes of this research will now be discussed. 

Cheadle et al(67) made a comparative study of Excel 
. 

alloy in two different meta11urgical conditions, name~y 

5% cold worked and annealed. Both materials were extruded 

at 13:1 into tubes and then cold drawn 5%. The colduworked 

material was stress relieved at 675 K for 24 h while ~e 

second materia1 was annea1ed at 1023 K for 30 min and then 

stress relieved at 675 K for 24 h. Table XII gives the 

microstructural characteristiès of the two materials 

together with some comparative information for Zr -2.5 

wt' Nb. 

The microstructure of the 5% co1d worked tube consis-
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'" . Table XII. Effect of fabrication detai1s on 

the grain thiekness and dislocation 
1 

density of Exeel alloy pressure tubes 

Gra,in Dislocation 
% Co1d Th~cknes~, -2 

Tube Type Tube No. Drawn mm x 10- Density, rn 

Exeel extrusion 248 0 3 x 1014 

248 2.0 0.74 

250 3.7 0:62 

5\ eold worked 252 3.2 0.64 3.4 x 1014 

Exeel 253 2.8 
-#. 

0.58 

254 4.4 0.~2 

"'-.') 
249 2.9 0.80 

Annealed Exeel 251 2.9 0.74 1.4 x 1014 

30\ eold-worked 5 ta 9 x 1014 ... 25 to 30 0.2 to 0.4 4 1 

Zr-2.S Nb 
• 

Extrudee! a 0.2 ~o 0.6 0.9 to 2 x 1014 , Zr-2.S Nb , 

• 

.-t' 
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ted of elongated a-grains, a th in boundary network of 

cubic B-phase, and a-- fev localized areas of martensltic 

a'. The thickness oi.::" the alpha grains in the radial direc-
, , 

tion was determined ta be'0.58 to 0.74 ·~m. The annealed 

microstructure, on the other hand, con~isted of relatively 

equiaxed a-grains with the cubic beta phase concentrated 

at grain corners. As can be observed from Table XII, the 

dislQcation density of both th~ extruded and cold worked 
1 

tubes was higher than that of the extruded Zr -2.5 wt% Nb. 

A low dislocation density and equiaxed grain structure 

are desirable for improving in-reactor creep and growth. (69) 

This condition was obtained in the annealed Excel pressure 

. tube. As far as texture 19 concerned, it was found that 

the majority of the ~-grains' were oriented with their basal 

plane poles close ta the tangential direction. The 

re901ved fraction of alpha grains oriented in this direc-

tion was slightly higher than iD cold-work.d Zr -2.5 wt% Nb. 

Table XIII gives a comparison of the average tensile 

properties of the Excel pressure tubes and typical tensile 

properties of 30' cold worked Zr -2.5 wt' Nb and CANDU-PHW 

min~ specifications. As can be seen, 5' cold worked 

EXcel i8 very much stronger than 301 cold worked zr -2.5 

vtt Nb, while the annealed tubes are almost as strong as 

Zr -2.5 vtt Nb and still meet the tensile specifications 

for CANDU-PHW pres8ure tubes. It vas also found that 

altbough the corrosion resiatanee of Excel tubes ia about 

o 
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Table XIII. 

..,:' Alloy 

Excel 

Zr-2.5 Nb 

, 

ri 
"'-"' 

J.. 

Average tensi1e EroEerties of Excel pressure tubes and t~pical 

tensile properties of 30% cold worked Zr-2.5 wt% Nb pressure tubes 

Tube Test Test 0.2% Yield Ultirnate , % 

,,~ 
, . 
........ _ ..... 

Condition Temperature Direction Stress, MPa Tensile Elongation 
K Strength, 

MPa 

extrusion 575 longitudinal 495- 535 10 

575 longitudinal 525 580 12 
5' cold- transverse 620 645 r3 

drawn longitudinal 736 845 "" 12 
300 transverse 930 965 9 

575 longitudinal 385 500 19 
annea1ed transverse 490 550 13 

300 
longitudinal 615 745 17 
transverse 815 840 17 

30\ co1d- 575 longitudinal 380 520 15 
transverse 0540 600 12 drawn 

(average longitudinal 640 7.90 13 \ . 
tube) 300 transverse ... 810 15 

CANDU-PHW 
minimum 575 . longitudinal 330 .479 12 
specifi-
cations 

.. , 0_ 

CD 
Q' 
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one hall that of cold worKed Zr -2.5 wtl Nb, their hydro-
r> 

, 
gen absorption behayiour may'be sim~l~r •• As a result, an 

additional corrosion allowance on the inside of Excel pres-

. sure tUbes of 0.2 mm was suggested, -1dlich was estimated to 

,be consumed over the 30-year life of a reactor. 

The most probable cause of a crack forming in a pres-

sure tube ls delayed hydrogen cracking. It has been sugges

ted(70) that the stress to reorient hydrides in Excel is 

about three times higher than in Zr -2.5 wt% Nb, so that 

cracking should be much harder to initiate in Excel. 

However, when delayed hydrogen cracking does start, the 

cracks are likely to travel about ten times faster in 

Excel alloy than in Zr -2.5 wt% Nb. Critical crack length 

determinations for "leak without break Il show Excel to be 

a~ safe as Zr -2.5 wt% Nb . 

One of the most important findings' about Excel alloy 
/ 

is its resistance to in-reactor creep and growth. It has 

been determined(69) that very ~longated alpha grains and 
.... ..., 

high dislocation densitles, while making a large con~r~bu-
~" 

tion to the tenslle strength, are very deleterious to in

reactor creep and growth. Cheadle et al(67) found that 

annealed Excel with a more equiaxed grain structure and 

a lower dislocation densityhave creep rates which aré 

less than a third that of Zr -2.5 wt% Nb and about 60% 

that of 5% cold worked Excel alloy. 
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Table, XIV qives a comparison of the relative creep 

strengths of Excel and Zr -2.5% Nb tubes. As can be seen, 

the differences observed between the longitudinal and 
t~ 

transver~e deformation rates are similar for the two alloys, 

which indicates that the creep anisotropy of the Excel tubes 

should be similar to that derived for cold worked Zr -2.5 

wt% Nb. 

The last important characterist1c of Excel i9 related 

to' its thermal neutron capture cross section. It has 
'" 

., (71) 
been determined that the capture cross section of 

E~cel 1s initially higher than that of Zr -2.5 wt% Nb, 

but s~nce the capture cross-sections of Sn and Mo decrease 

with irradiat'ion due to transmutation, the average cross-

section of Excel over 30 years is 13% less than that of 

Zr -2.5 wt% Nb. Table XV gives a c~mpari~ of the proper

t1es of annealed Excel and cold worked Zr -2.5 wt% Nb. 

" This analysis indicates that Excel i~ a superior 

alloy for pressure tubes. However, there is as yet no 

commitment to use these tubes in a power reactor, a develop-

ment which is partially due to the relatively satisfactbry 

performance ,of the Zr -2.5 wt% Nb alloy. 

• 
• 
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Table XIV. Relative creep strength of Excel and 

Zr-2.5 wt, Nb tubes after 2300 h at 

Material 

573 K and 2.0 x 1017 n.m.- 2s- l (E>l MeV) 

Specimen 
Orientation 

K Relaxation 
Rate Constant, 

h-1 

Creep Rate Rela
tive to Co1d
Worked Zr-2.5 Nb 

An,nealed Excel longitudinal 0.63 x 10-4 0.32 

transverse 

5' cold-worked long i tudinal 

Excel transverse 

30' cold-worked longitudinal 

Zr-2.5 Nb 

transverse 

0.40 x 10-4 

1.01 x 10-4 

'0.70 x 10-4 . 

1.98 ± 0.31 

x 10-4 

1.44 ± "0.10 

x 10-4 

, 1 

0.28 

0.51 

0.49 

1.0 

1.0 0,,. 

\ô 

.. 
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Table xv. Comparison of the properties of annealed 

Excel and cold worked Zr-2.S wt% Nb 
~ 

Property 

Neutron capture cross section cm2/cm3 

average over 30 years service 

UTS at 575 K, MPa (longitudinal) front 
énd (Specification for c.w. Zr-2.5 wt% Nb 
ia 479 MPa, minimum) 

Corrosion allowance 

Dimensional changes after 30 years 
in CANDU-PHW 600 MW 

Delayed Hydrogen Cracking 
K (MPa....m or rn-1/2 ) IH 

Diameter 
Length 

stress (MPa) ta initiate a crack at ~ 
0.1 mm natch at 525 K 

Relative crack velocity 

Stress to reorient hydride into radial/axial 
plane, MPa 

Critica1 crack 1ength at 295 K and 120 MPa 
hoop stress (100 ppm H) / 

• 
r 

, 
c.w. Zr-2.S% Nb 

0.00916 

517 ± 401 

0.10 mm 

3.9 .. 
2.5 .. 

"-

"'10 

250 

1 

255 

4S mm 

Annea1ed 
Excel 

0.00918 

5002 

0.20 mm 

1.1 .. 
8.8 .. 

-10 

500 

10 

690_ 

"'50 mm 

,r-, 

" 

~ 
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Table XV, cont'd 

\ 

• 
Property 

Rolled joints 

/ 

1. 9S' limits for Pickering 3 and 4 tubes 

2. Tubes 249 and 251 

;- , 

f. 

r 

.. 

c.w. Zr-2.S' Nb 

403 SS end fittings 

of, 
~, 

1 
1 

f 

." 

Annealad 
Excel 

r~\ 
1 

• 

standard 
403 SB end 

fitting 
satisfactory 

;' 

00 -
Ut 
• 

! 
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CHAPTER 4 

DESCRIPTION OF MATERIALS AND EXPERIMENTAL 

EQUIPMENT AND TECHNIQUES 

4.1 Experimental Material 

The base materia'l utilized in this study came frc;nn a 

batch of Exeel pressure tubes fabri~ated at Chase 

Nuclear Ltd. These tubes form part of an extensive 

researeh and dev~lopment program undertaken at the Cha1k 
,r 

t 

River Nuelear Laboratories of Atomic Energy of Canada Ltd. 

concerned with the development of higher strenqth pressure 
, ? 

tube alloys for CANDU-BLW and -PHW reactors.* The fabrica-

tion route for the tubes is shown in Fig. 24 and the chemi

cal analysis of both the inqot from which the tube was 

fabricatéd as weIl as the pressure tube itself are qiven 

in Tables XVI and XVII respectively. Al though some segre- 7' 

-gation of the Sn to the bottom and top of the 'lngot occurred, 

the chemical composition of the ingot can be se~n to be 

relatively homogeneous. Of greater importance 18 the 

observation that tne 1mpurity levels ln the inCJot are 
Q 

*canada Deuterium UraniWll; Boiling Liqht tfater, Presauri.ad 
1 • 

Heavy Water. 
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extrusion ra tio 
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1130 K 

COLO DRAWING 
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Figure 24. Fabrication ro~te for the Excel alloy pres
sur~ tube utilized in this study. 
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( . • 
Ta~le XVI. Chemical composition of the ingot from 

which the pressure tube was fabricated 

Spec. T'Op Middle Bottorn hvérage , i , , , 
Sn 3.2-3.8 3.53 '3.39 3.68 3.53 
Mo 0.6-1.0 0.76 0.77 0.75 0.76 
Nb 0.6-1.0 0.77 0.81 0.77 0.78 

. 
0 900-1600 pprn 1120 1090 ,1140 1117 
H 20 ppm 5 5 5 5 

( \ Table XVII. Chemica1 ana1~sis for the front and 

back ends of the 2ressure tubes 

'-.. 
Samp1e. Oxygen Hydrogen Sn Mo Nb 

No. pprn ppm , , , 
592 F 1120 14 3.70 0.80 0.71 

592 B 1210 24 3.95 0.91 0.82 

1----.4~(~;4~.~;~;' •• ~~i;~U4'~F~4-._#_h __ --~--~>/~------------~O<-*A-... ~--------------------~·--------------
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below the specified limits. By contrast, the gradient in 

chemical composition from the front to the back of the tube 

ls greater and May be the result of the extrusion process. 

The fabrication route was selected in arder to improve -

the metallurgical characteristics of previously fabricated 

Excel pressure tubes, (67) particularly the cry~tallographic 

texture. The cold work and the annealing heat treatment 

were chosen to produce the smallest possible equiaxed alpha 

• 
grains which, as discussed above, should lead to better in-

reactor dimensional stability. The effect of cold work and 

annealing tempe rature on the thickness of alpha grains in 

(72) . 
Excel alloy is shown in Table XVIII. As can be ob-

served, the grain thickness decreases as the amount of cold 

work is increased up to 30% and as the annealing tempera-

ture i5 decreased. For these reasons the tube was annealed 

at 1013 K for 30 minutes and cold worked by 25%. Figure 
\ 

25 shows an electron micrograph of the front end of the 

pressure tube utilized to carry out the present study. 

The dislocation density of the tube, although dependent 
-4 

on the position within the tube from which the sample was 

taken, was determined to be about 1.4 x 1014 cm-2, which 

is much less than that of cold worked Excel and Zr -2.5 

wt% Nb pressure tubes. This low dislocation density also 

~roves the in-reaetor dimensional stability of the 

tube. (69) • 

--_ .. ""' .. _ ... __ ;_""a ________________ -.-__ .. _ ........... ______ ~~ ________ ~ _____ M _ __.._. ___ • ___ ..__--~ 
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EI<lctron micrograph of th<l EXC<l1 
alloy pre~sur<l tube utilizC2d in this 
study. 25°/. Cold work<ld and 
annaal<ld at 1013 K for 30 min. 
X 11450 
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Table XVIII. The effect of cold work and annealing 

, Co1d WOrk • 

5 

10 

20 

30 

40 

temperature on the thickness of a grains 
in Excel pressure tubes 

Thickness of a Grains x 10-3 mm 

------------------------------------------------30 minutes 30 minutes 30 minutes 
at 1025 J( at 1050 K at 1075 J( 

0.79 0.87 1.08 

0.72 0.85 

0.59 0.74 0.98 

0.53 1.07 1.05 

1.11 1.05 1.72 

., 

; , 

, 
" 

f 
1 
! 
1 

1 
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4.2 C~stallo9raphic Texture 

The crystallographic tex~ure of the tube utilized in 

this investigati~n was determined using the reflexion 

method developed by Schultz. (73) This involves examining 

three specimens ~epresenting th~three directions of 

principal strain during fabrication: i.e., the axial, 

radial, and tangential directions in the present case. 

In what follows a brief description of the technique and 

the method of representation, direct pole figure, will be 

givén. 

4.2.1 Direct pole figure representation 
,d 

As mentioned in Chapter 3, the crystallographic, 

texture of a polycrystalline material can be expressed quan

titatively by a texture coefficient (TC) which is defined 

as the number of reflecting crystailographic pranes of a 

given type and orientation divided by the number of reflec

ting planes of that type and orientation in a textureless 

or "random" sample of the same material; i.e • 

1 (4.1) 

, 
wher~ TC (hkl) - texture coefficient for cryatallo-

graphie planes of a given type and 

orientation. 
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Figure 26. Average (0002) pole figure far seven 
Exeel alloy pressure cubes (Ref. 67). 
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N(hkl) - number of crystallographic planes of 

type (hkl) in a qiven orientation in a 

textured material. 

NR(hkl) = number of crystallographic planes of 

type (hkl r in a qiven orientation in 
; 

a random sample of the same ~teriâl. 

The texture coefficients for the (0002) plane for, seven 

Excel alloy pressure tubes det~ined by Cheadle et al (67,) 

. 
are illustrated in Fig. 26. It is evident that the basal 

plane texture coefficients are concentrated near the tan-

gential or circumferent~al direction, which means that the 
't) 

maiority of the alpha grains are oriented with ~eir basal 

plane normals close to that direction. 

4.3 Mechanical Testing 

4.3.1 EXferimental equifment 

.The compression testing system uti1ized in the present 

work consisted of a 100 KN MTS* close-loop electrohydraulic 

testing machine interfaced vith a POP 11/04 minicomputer . 

A CENTORR model M60 front loading furnace for high tempe-

rature operation in vacuum vas used for the tests at high 

temperatures. Figure 27 shows an exterior view of the 

compression system while Fig. 28 gives an internaI vie~ of 

*Material Testinq Systems 

- . 
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(1) MTS load frame, (2) Centorr furnace, (3) tempe rature and vacuum control console, 

(4) actuator, (5) POP 11/04 computer, (6) Tektronix termlnal, (7) hardcopy unit, 

(8) load cell, (9) LVOT 

~ Figure 27 Exterior view of the, automated, servohydraulic, high temperature, high 
/ '. 

vacuum testing system. 
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(1) thermocoûples, (2) tungsten tooling, (3) tungsten mesh 

96. 

heatinq elements, (4) tungsten and molyb?enum heat shields, 

(5) vacuum chamber, $6) hinged door 

o. 
. .. 

Figure 28 Interior view of the high tempe~ature hiqh vac~ 
:;-

testing chamber.~ 
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the testing\chamber. -
r4:3:1~~sed-10oP servohydraulic system 

In this sect~n', the basic operating principles of 

the testing system ,will be described, with special atten-
\ 

tion being given t~ the control unit. Three main units 
~I 

can be delineated i' the system: e 

li load unit 

2) performance unit 

3) control unit. 

The load unit consists of a two column load frame' 

rated at 100 KN under static loading. The crosshead, , 

which is raised or lowered by means of hydraulic crosshead 
u III 

lifts, supports the hydraulic actuator which applies the 

loadinq force to the specimen. The actuator is provided 

with an 'open housing' LVOT (linear variable differen~ial 

"-transformer) assembly to provide a stroke feedback signal 

for displacement control or displacement readout (see Fiq. 

29). The LVOT utilized with this equipment has four ca1i-
, 0 

brated ranges of operation, n~ly-lOO, 50, 20 and 10 mm. 

For the present work, aIl tests were carried out using the 
! • 

'0 10 mm range. The forces applied to the specimens are 

measured by means of bridge resistance load cells placed 

on the load frame platen. Two load cells of different 

càpacity were emplQyeà, a 100 KN load ce 11 for tests at 

hl: A>! Jij#:qwSAS9C. ~ il 44 pA a • \, 
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temperatures up to 900 K and a 5 RN load cell for higher 

temperature tests. Both load cells vere calibrated to 

give output accuracies wlthin o. St of range and the LVOT 

vas calibrated to better than l'of range. 

The performance unit consists of a 38 liter per 

minute hydraulic power supply, a servovalve and a service, 

manifold. The servovalve, which is the final control ele-

ment in the servohydraulic testing system, reacts to an 

electrical input signal by porting hydraullc fluid in a 

direction and at a rate determined by the input siqnal' s 

polarity and magnitude. The performance unit prO?deS the 

system with the energy required for the test in ~he for.m 

Dof controlled, filtered hydraulic fluid under pressure at . ' 

21 MPa. 

The control unit of the system consists basically of 

a set of plug-in printed circuit cards, each performing a 

particular function. A block diagram showing the main 

components of the control unit is qiven in Fig. 29, where 

the controlled variable is the ou~put from the LVDT, i.e. 

the stroke signal. The transducers, load cells and LVDT's 

provide electrical output signaIs proportional to the quan

tities that ·they sense. These transducers receive either 
. 

AC or OC excitation voltages from associated transducer 

i1 

conditioners, whlch also recelve the outputs from the tranl-

ducers and provide OC output vol taqes proportional to the 

mechanical inputs to the transducers. There are two type. 
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of transducer condltloners; (1) the AC type, which provldes , 

an amplltude requlated 10 KHz, 10 V peak-to-peak exclta- " 

tion voltage for reactive-type transducers (LVDT); and 

(11) the oc tyPe conditioners, which provide an excitation 

voltage and output amplification for resistive /Jridge trans

ducers such as load cells and strain gauges. In this kind 

of conditioner, the transducer output is amplified with a 

gain of 500, 1000, 2500, and 5000, depending upon the 

range selected. With the AC conditioners, on the other hand, . 

the operatinq range selector increases the qain of a OC 

amplifier, built into the conditioner itself, by multiples 

of l, 2, 5 and 10. In both conditioners, however, the full 
, ~. 

scale output is always a ±lO V, in the form of a low impe-

dance siqnal. 

The signaIs from the transducer conditioners are fed to 

a "feedback selector" for selection of the output of a 

particular conditioner for use in controlling the hydraulic 

actuator. In the present case, ,the controlled variable was .. 
J 

chosen to be the output from the AC conditioner whicK corres-

ponds to the position of the face of the tungsten ~ool in 

contact ~ith the spec~n throughout the test. This feed-

back selector can be made to opera te manually or automa

tically by setting a two-position knob. In the "local" 

position, feedback selection i8 èarried out manually; while. if 
.r 

the "remote- position is ohosen, feedback selection 18 

accomp11shed by the Data/Control Processor, a180 shown ln 

lC $' 

,-
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Fig. 29. Another important function of the feedback se1ec-

tor is the optimization of the 'system speed of response. 

This optimization is accomplished by adjusting the control-

1er gain. 

The DC Error signal, which is the algebraic sum of the 

feedback signal and the control signal (or command), is 

the output signal of the servocontro11er and it should be 

zero during static operation of the system~ for example, .. 
just before the test is actually started, where the compres-

sion rod is not applying any load on the samp1e. At this 

point the output from the transducer conditioners corres-

ponding to both the load ce1l and the LVDT should be zero. 

Ouring dynamic operation, that 1s, while the test is going 

on, the difference between the feedback and command signals 

produces a OC E~ror which is scaled so that ±~ corresponds 

to 100\ of the range in which the controlled variable is 

,being operated. Thus, when the LVDT is set in the 10 mm 

range, 10 mm of actuator travel corresponds to -10 V (in 

the case of compression tests), so that the actuator's 
~ -1 characteristic i8 1.0 mm V • The OC Error signal is the 

control signal which operates the servovalve on the hydrau-

lic actuator; thus a 10 volt OC Error signal produces a 

full scale servovalve current and consequently a full 

servovalve opening allowing oil 1nto the actuator which 

will drive it to 1001 displacement. 

The valve driver shown in F1g_ 29 serves the function 
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of helping to maintain the system resolution by preventing 

silting of the servovalve due to the small impurity parti-

cles contained in the pil. This is achieved by applying 

a low amplified electrical signal to"the coils of the 

servovalve which causes the spool of the valve- to vibrate, 

avoiding the silting in this way and also eliminating 

static friction which could act so as to reduce the reso-

lution of the system. 

4.3.1.2 Control/data processor interface~ . 

The closed-loop servohydraulic testing system des-

cribed in the previous section is "automated" by means of 
o 

an MTS-433 Processor Interface which performs the functions 

of command generatian, data acquisition and reductian, and 

real time decision making. The complete autamatization of 

th~ system includes a Central Data Processor, a Communioa-

tians Deviee, the Pracessar Interface, and the System Soft-

ware. Table XIX lists the facilities available in the 

"Automated Closed-Loop Servohydraulic. Testing System" and 

Fig. 29 sh~ws its configuration schematically. 

The Central Data Processor, a DEC-PDP-11704 minicom-

puter, has.a core memory capacity of "28 K in 16-bit words. 

Communication between the computer and the processor inter-

.. 

face and all the peripheral devices, namely, the Tektronix .' 
. . 

graphies terminal, the Tektronix hardcopy unit, and the 

'" . ' 

DEC-RXII floppy disk system, is~accomplish,d by an input/ 

, $$ ;4 $ 4 i $ 4 C4 
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output bus called POP-Il Unibus. Figure 30 is.a block 

dia9+am of the interface, ~ich consists of a set of 5 

basic printed circuit cards installed in what is known as 

the POP-Il Computer Bus Converter. These five cards have 

the function of interfacing with the Unibus and of.conver-

ting Unibus signals to signals usable in the Processor 

interface. The specifie function of each card is outside 

of the scope of this description and further information 

can be obtained from reference 63. 

In order for the processor interface to achieve the 

automatization of the closed-loop servohydraulic testing 

system, a number of other printed circuît cards must he 
IP • 

added to the basic cards. These cards perform the functions 

of command generation (HARDWARE SEGMENT GENERATOR, Figs. 
\ 

29 and' 30), data acquisition and reduction (ANALOG-TO-DIGI

TAL .CONVERTER, Figs. 29 and 30), feedback selection and 

control mode switching (FEEOBACK SELECTOR REGISTER,' Figs • 

29 and 30), as well as real 

very important for the 

the present work. 

. 
cision making, which ia 

experiments carried out in 

,The hardware segment generator ls a computer controlled 

function generator which provides 1024-polnt analog haver-
~ . 
sine (180°) or ramp waveform segments fo~ use as the main 

co~and waveform for the system servocontroller (see Fig. 

29). Each haveraine or ramp waveform segment i8 created 

after the computer provides end level and aegment duration 

A 
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parameter data. This allows complex waveforms (consisting 

of any mixture of haversine and ramp se9lDents from 0.0059 

through 2048 s duration, 100 Hz maximum frequency, and 

-10 V through +10 V amplitude) ta be generated by defining 

the control parameters, storing them in an array and star

ting 'the Hardware Segment Generator with the aid of 
1 

BASIC-lI compatible assemb1y language routines. The Hard

ware Segment Generator is formed by a set of four cards (see 

Fig. 30); the Master Segment generator produces a haver-

sine or ramp segment for each time parameter entered and 

each output se~ent starts at zero volts, ends at ten volts, 

and has 1000 steps. The Channel Segment Generator scales 

the analog segment from the Kaster Segment Generator accor:"': 

ding to the specified end-1evel parameters. The resulting 

anal09 output i5 connected to the Dump circuit which is 

used to ramp the command signal to zero in the event of 

an error condition; this causes a switch in control mode 

from Any mode to load control. If no error condition exists, 

then the command signal passes through the Dump circuit 

unchanged. The master clock oscillator provides raw timing 

for the Kaster Segment Generator. 

The Analog-to-Diqital Converter can convert up to 4 

cnanneis of analoq s1qnais to equivalent I2-bit digital 

words for use by the computer. The inputs of this conver

ter are the ana10g outputs of the transducer conditioners 

correspondinq to the force and stroke siqnals (see Fig. 29). 

" 4 
li 
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The Master programœable Clock is programmed by the 

computer to generate an interrupt after a speclfied time 

interva1. After this lnterval, the computer enters a 

service routine during which certain program steps such as 

incrementing the servocontroller command, reading the load 

or stroke signals, or Any other function may be performed. 

The Feedback Selector Register performs three main 

functions; the primary function is automatic selection of 

the transducer feedback signal for the servocontroller. 

Smooth transfer of control modes during operation is also 

accomplished using circuits in the system feedback selec-

tor (see Fig. 29) combined with approprlate software 

routines. The second function involves switchlng in the 

shunt calibration resistor on the OC transducer conditioners 

and the third function is to pperate external devices such 

as counters, recorders, alarma, etc., by means of relay 

control. 

4.3.1.3 8igh temperature, high vacuum 
; 

testinq chamber -
In order to carry out high temperature experiments, 

the automated c1osed-1oop servohydraulic system described 

above 18 provlded wlth a hlgh temperature, high vacuum 

testing chamber which consists of a 17 KVA CENTORR model 

M60 front loading furnace equlpped with a 0.1 m high 

"'speed diffusion pump backed by an 8.5*10-3• 3.-1 mechanical 

-' 
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pump. This system provides a static vacuum of 1.3 x 10-3 Pa 

at 1200 K. Whi1e under dynamic conditions the vacuum is 

-3 always better than 6 x 10 Pa. AlI high temperature tests 

-4 were carried out when the vacuum was better than 10 Pa, 

which was achieved after a short period of holding at the 

test temperature. A view of the testing chamber is pre-

sented in Fig. 28. The hot zone of the chamber, approxi-

mate1y 76 mm in diameter and 200 mm high, i5 5urrounded 

by concentric multi-layered tungsten and molybdenum radi-

ation shields, with the top and bottom of the furnace cham-

ber similarly shielded. The tungsten heating elements (see 

Fig. 28) are cylindrically shaped and are vertically placed 

in each of the four quadrants of the cylindrical hot zone. 

The heating elements and shields are split into two halves; 

one half of which is mounted on the hinged doori this 

arrangement enables direct and easy access to the hot zone 

for adjustments of the specimen, tooling and thermocouples. 

The entire furnace is enclosed in a double wall, water 

cooled stainless steel jacket which assures uniform cooling 
~ 

of the whole assembly. As mentioned before, the top and 

bottom anvi1s were machined from thoriated tungsten ro~s 

and are ~l50 mm high and 32 mm in diameter • They are 

screwed to the water cooled stainless steel extension rods 

(see Fig. 29) by means of threaded joints lubricated with 

graphite to facilitate handling. The compression test spe

cimen is placed coaxia11y on the 10wer anvil. 

, 
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Temperature control in the testing chamber was 

ach1eved by means of a Leeds and Northrup CL & N) Current 

Adjusting Type (CAT) temperature contraller warking in 

conjunction with a L & N Speedamax H recorder. The CAT 

controller provides an o~tput current which is proportianal 

to the deviatiQrî in temperature below the set point. The 

current output of the control 1er i5 translated inta a power 

unit appropriate to the furnace by means of an SRC (Sili

con Controlled Rectifier) power package. Ta set a cQnstant 

heating rate, the set point control is transferred to a 

Datatrak progranuneri thus the set point i5 moved at a rate 

determined by anelectric curve follower wh1ch moves along 

a line scribed on the Datatrak chart. 

To control the temperature in the chamber a J-type 

Pt/Pt-10% Rh thermocouple was utilized as the sensing ele

ment for the temperature controlle~; for measuring the tem

perature of the test specimen two K-type Chromel-Alumel 

thermocouples were used. The position of the thermocouples 

in the test chamber is shown in Fig. 28. For temperatures 

below 1200 K, the tw~ K-thermocouples were placed in such 

a way as to contact the specimen at two diametrically oppo

site points and the test was usually initiated only when 

the readings of the two thermocouples were identical, which 

1ndicated that no temperature gradients existed across 

the diameter of the sample. For long term tests, the 

temperature was kept constant within ±3 K throughout the 

• .. 4($ 1 
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test. At testing temperatures higher than 1200 K, the· ) 

occurrence of a reaction between the thermocouple and the 

Zr specimen did not allow contact and 50 the thermocouples 

we~e placed as close to the specimen as possible ta pro-
o 

vide temperature control within ±S K. 

" 4.3.2 Testing technique and procedure 

Constant true strain rate compression testing was , 

chosen as the testing techniq~e to carry out the presen~ 

investigation. This is because it is a fairly simple 

test, especially às regards strain rate'control. It also 

-has the advantage that inhomogeneous flow due to neçking 

does not take place, as it does in the case of tension, 

50 that relatively large strains (of up to 1.0) can be 

applied. However, inhornogeneous flow can occur if fric-

tian between th~ rnating surfaces of the test specimen and 

the compression tools is not reduced or avoided. The occur-

rence of friction resul ts in "barreIIing" of the specimens; 

a:: larger strains, a phenomenon called "fold-over" may 

also take place. These problems can be avolded by the 

use of suitable lubricants. For the present case, MOS 2 at 

room ternperature and colloidal graphite at higher ternpera-

tures proved very effective in reducing friction during the 

compression of Excel up to strains of 0.8. In the case of 

the high temperature tests, graphite also helped to prevent 

sticking of the Excel specimens to the tungsten tooling. 



( 

110 • 

• 

4-.3 .2.1 Test specimens 

In order to study the directionality of the mechani-

cal properties of the pressure tube, cylindrical specimens 

were machined from a section of the tube located at 3.8 m 

* from its front end. As rnentioned in Chapter 3, the crys-
<h 

"---'. tallographic texture developed in the tube becomes stable 

after the first stages of the fabrication process, speci-

fically during extrusion. Subsequent annealing below the 

a/a+E transformation ternperature does not appr~ciably 

affect the texture but does elirninate most of the internaI 

stresses resulting from the different orientations of the 

grains within the material (see Section 3.5). Thus, any 

anisotropy of mechanical properties exhibited by the pres

sure tube is a direct result of the texture developed 

during the fabrication of the tube. This state of aniso-

tropy can be assumed to have three mutually orthogonal 

planes of symmetry at ever~ po~nt in the tube; these planes 

inter sect each otper in three orthogonal-directions which 

are called the principal axes of anisotropy. These are, 
. 

in the present case, the circumferential, radial, and axial 

directions of the tube. This assumption 'becomes apparent 

when the distribution of (0002) basal planes poles in the 

tube is analyzed; this can be deduced from the symmetries 

present in the· pole distr~ution in the tangential plane 
;;. 

of the tube. It should be noted that the o~ientation of 

the an.isotropy axes in a qiven element of material varies 
1 ~O 

• i.e. from the end of the tube which first comes out of "-
the extrusion .chamber. 
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relative to the element axes during continued deformation, 

therefore changing the state of anisotropy of the element. 

Due to the small wall thickness, the types of specimen 

which can be machined from the tube aré rather limi ted. 

The present cylindrical specimens were machined to have 

their axes parallel to each of the principal directions of 

anisotropy and they were named Tangential, Radial, and 

Axial specimens respectively. The specimen orientations 

in the pressure tube are illustrated in Fig •. 31 together 
'. 

with the specimen dimensions. 'TwO main problems Vere \ 

found as a result of ,the specimen size. One 1s related to 

the small size of the specimens, ~cially the radial 

specimens, which resulted in.much scat ter and poor accuracy 

in the measurement of the s.all loads (100 N at high ~em

peratures) required to deform specimens with auch small 

'cross-sections. Another source of inaccuracy vas the 

small height of the specimens, vhich required the experi

ments to be carried out in the lo~st ranqe of the LYOT. 

As the output of the transducer condltloners ia Icaled 

to ±10 V whatever the transducer output. the scatter 
.1 

increases and the aecuracy of the measurement decreases\aa 

the range of the transdueer ia decreased. This prohlem. 

eould not he avolded sinee no other LYOT vas availahie; 

however, the scatter and inaccuracy of the load rea21inqs 

vere improved Dy usinq a aaaii load cell fitted vith a 

<."4#.;al 41 4 
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10a4 cell protector and by decreasing the hydrau1ic pres-

sure to the servoval ve • 

The anisotropy characteristics of 'the tube were then 

studied as a function of specimen orientation in the tube 

at 10-1 and 10-4s-1 strain rate, over the temperature 

range 298-1400 K, by means of constant true strain rate 

compression tests. The complete schedu1e of experiments 

ia g.i.ven in Table XX. 

4.3.2.2 TrUé strain rate compression tests 

. In order to carry out constant true strain rate 

compression tests, the velocity of the ~pper compression 

rad aust be carefully contro1led; the method of doing 

this will now be described. The true strain on a specimen 

deformed from ;!n initial heiqht 10 ta an instantaneous height 

2. ,i8 qiven by: 
;~, 

..... 

(4.1)_ 

By differentiatinq with respect to the tLme t, the true 

.train rate i8 obtained 

(4.2) 

where dt/dt· is the rate of chanqe lof apeciJl!len heiqht/, 

which in the present case is determined by the position 

of the interface between the specimen and the compression 

rod, which is determined in turn by the LVD'l' connècted to 

• 

1 
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the actuator. * -Thus, from Eq. (4.2), for a constant true 

strain rate Ë,c' the ram velocity must be reduced in pro

portion to the instantaneous height of the specimen; that 

is, 

dR./dt = Ë; ·1 c (4.3) 

In order to produce a constant true straln rate, the move-
, , 

ment of the actuator must be controlled so that its velo-

city remains proportional to the height of the specimen. 

Thus, the height of the specDDen, i.e. the position of the 

compression rod/specimen interface, must be used as the 

feedback signal in the closed-loop of the testing system. 

As ~ntioned in Section 4.3, in the system used in 

this study, MTS-BASIC was the programming language and the 

RT-ll monitor was used to pravide ~ccess ta system and .. 
application programs'.r as well as to perform input and output 

functions. This software package contains a number of 

real t~e routines written in assembly language which 
f 

interface the software with the MTS Hardware Processor 

and the other spee ia1 devicy. Theae routines ean be ca11ed 

~rom the application proqrams by meana of sl~qle Instruc

tins, such as FGl (command funetlon qeneratlon), MSWl (test 

·We neqlect here the ela.tic coapliance of the t •• tlnq 

system (see Appendix II) as this affects the strain rate 

much less than the strain. 

-
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mode selection), PLOT, AXES, SCALE, etc. (for plotting), 

DACQ (data acquisition), etc. 

Thus, in order to provide the command $~al to be 

compared with the feedback signal (stroke sigrlal) in the 

servocontroller (see Fig. 29), a computer program was 

written 50 as to provide a OC Error signal that will 

drive the servovalve and hence the hydraulic actuator in 

the manner described by Eq.(4.3). This was carried out as 

follows. 

The FGI routine was used to create ana log output via 

the Hardware Segment Generator described in Section 4.3.'1.2. 

The format of this function in the application program is 

FGl (ARGI, ARG2, ARG3, ARG4) 

where ARGl is the name of an array which contains the 

command information, i.e. the end levels of the segments 

corresponding to the specific'va~ues of the voltages in 

the channel being controlled., ARG2 is the number of times 

that the command information will be used (for cyclic 

applications). ARG3 is employed to select'the output 

mode for the array, which for the present case was chosen 

to be of the ramp type with unrepeated segments of constant 

duratlon. ARG4 selects the maximum frequency of the Hard

ware Segment Generator. This device i8 designed to operate 

in 8 frequency ranges, 0, l, 2, 3, 4, 5, 6, 7, correspondinq 

to 100, 50, 20, 10. 10, 5, 2 and 1 Hz re.~ectively. Each 
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frequency range corresponds in turn to 2047 machine units. 
" Now, the,total ti~e of an experiment is qiven by the ratio 

of the total true strain and the true strain rate at which 

the spec imen m1,ls~ be deformed, i.e. 

. 
t = E/E (4.4) 

ThUs, as the output of the HSG was chosen to consist of 

segments of constant duration, it is possible to divide 
1 

the total time of the experiment into a number ~f segments, 

N, each of duration 

and a frequency 

L1t _.~ 
N 

If 
t - t 

(sec 1 segment) (4.5) 

(Hz) (4.6) 

If R is the frequency range in which the HSG 1s cho.en 
\ 

to operate, then 

and trom Eq. (4.5) 

f _ 2047 N 
,-- t 

R t 
lit - Err fi 

(machine unita) (4.7) 

(machine unit8) (4.8) 

whic~ is the period of time, in machine unit_, that elapa •• 

between the ~nd levels of each segment; it i8 constant 

throughout the experi~nt. Usually N and Rare choaen to 

qive a value for f near 2047, which corresponds to a fre-

I---~ 
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quency near the maxLmQm in the frequency range chosen. 

The value of f is always contained in the first element 

of the array containing the command information. 

The command information, i.e. the elements of the 

array X(I), must be calculated to produce a control signa1 

capable of moving the actuator at a decreasing velocity 

which is proportional to the height of the specimen. The 

10 volt ana log signal corresponding to the maximum operating 

range of the LVOT corresponds to 2047 machine units (4.885 

mV/machine unit); therefore, if the LVDT operating range 

i5 RI, then the calibration factor for this transducer is: 

u 2047 
~ - Rr- (4.9) 

A similar expression can be obtained for the load transducer. 

Assuming that the initial height of the specimen L0 

corresponds to 51 machine units and that the instantaneous 

height L corresponds to X(I) machine units, then the 

lnstantaneous change in height due to the generation of 

a segment by the H5G will be 

AL - L - L0 _ 51 - XlI) 
J{ 

(4.10) 

NoW, the incremental plastic strain 6E, produced 

when the compression rod compresses the sample as a result 

of the ~.sponse of the actuator to a command corresponding 

to XCI) volts, ls related to the total plastic strain E 

by the followinq expression: 

$44. 
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A~ - e:'I/N (4.11) 

where l is the 1'th segment generated and N 1s the total 

number of segments. Now, it must be reca1led that the in-

crement 1n true strain is re1ated to the increment in 

engineering strain 6e by 

6e: = R.n (1 + 6e) 

where tJ.e = tJ.L/LfIJ. Thus, rearranging Eq. (4.12), 

âL = ~ EXP(âe:) - L~ 

and equating (4.13) and (4.10), 

SI - X(I) • ~*EXP(6e:) _ L~ 
K 

(4.12) 

(4.13) 

(4.14) 

Fina11y, substitut1ng Eq. (4.11) into ~,.,-(4.14) and 

<t\ so1ving for X (I) , 

• 

(4.15) 

where the minus sign has been introduced to take into 

account the compressive nature of the deformation. 

Equation (4.15) gives the size of each segment gene-
. 

rated by the HSG and, as can be seen, the step size 

decreases exponentia11y, thus producing the exponentially 

decreasing rate of disp1acement required to maintain,the 

true strain rate constant throughout the experiment. The 

accuracy vith which the strain rate wa. eontrolled is shawn 

~ .... a ta S $ JO 
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in Fig. 32, whe~, a computer plot of the true strain vs. 

t~ shows a constant slope of 0.1 for a specimen deformed 

ta E • 0.5 at Ê = 0.1. The total number of segments N 

anà the frequencyat which the HSG is operated (f) are 

chosen according to the strain rate, i.e. the time of 

duration of the test (see program listing in App~ndix I). 

Data Acquisition was performed at two different rates: 

100 points were taken during the initial l/lOth of the 

total strain; and a further 100 points were read during 

the balance of the straining. The data were saved in an 

MTS BASIC file on a floppy disk and were also displayed 

in graphical form on the Tektronix terminal, following 

which copies were made by means of the hardcopy unit. 

Appendix l gives the source listing of the program used to 

carry out the experiments involved in the study. 

4.3.2.3 Test procedure 

Both faces of the specimen were lubricated, either with 

MoS2 for room temperature testinq ~r with colloidal gra

phite for the high temperature,experiments. A light layer 

of lubricant was also applied to each anvil and the speci-
1 

men was placed at the centre of the bottom anvil. The 

thermocouples were positioned in place (see Fig. 28) and 

the upper anvil was then lewered to a position near the 

upper surface of the specimen; this helped ta reduce the 

temperature differences betveen the ends of the sample 

durinq heating. The test chamber vas then clo •• d and 
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evacuated (except in the case of room temperature testing). 

The test spec~n was h~ated to the test tempe rature in 

about one hour and a soaking period of 15 min. was allowed 

to stabilize the temperature and to allow programming 

procedures ta be carried out. The specimens were compressed 

ta a total strain of 0.6 or ta fracture and then the ram 

was retracted to its original position and the furnace 

power vas shut off ta permit the chamber ta cool, an 

operation which usually took about 1.5 hours. 

4.4 Metalloqraphy ... 

Selected specimens were sectioned alonq their,com

pression axes' in a lov speed Buehler~somét saw. The 

specimens vere cold mounted usinq a polyester resin (Casto

lite) and le ft to cure overniqht. Rough grinding of the 

specimeps was done on 120 qrit silicon carbide paper on a 

rotating wheel with the purpose of removing any resin from 

the surface of the 'specimens. Fine grinding was performed 

manually on silicon earbide papers in the arder 240, 320, 

400 and 600 qr1t size, usinq a small amount of vater as 

lubricant. ~ 

Mechanical polishing vas carried out on a sflk cloth' 

on a rotary polishinq wheel run at lov speed. The polishinq 

medium was 6 \Jm d.iamond paste and kero.ena. The final 

polishing stage vas carried out usinq an attack-pollshlnq 
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teChnique(76) employing a 1/2% HF (48%) solution and 

cr203 freshly prepared by igniting ammonium dichromate. 

This procedure produced a scratch-free surface which, when 

'examined under the microscope, showed very 1ittle attack 

of the grain structure of the specimens. In this condi-

tion, the specimens were slightly ,etched in a solution of 

40 ml lactic acid, 40 ml HN03 (50%) and 4 ml HF (48%); 

and subsequently anodized in a solution of 10 9 oxalic 

acid in distilled water using a voltage of 80 Vdc. The 

specimens were examined using polar1zed l~ght in a Neophot 

microscope. 

. 0 
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Table XIX. computer/Interface Subsystem 

Cent;:;)l Data Proeessor 

Communications Deviee 

Storage and Output Deviees 

Interface 

SOFTWARE 

HARDWARE 

DEC-PDP-llj04 Computer 
Tektronix Graphies Te~inal, 

DEC-~Xll Floppy Disk System 

RXOl Eloppy Disk Drive 

Tektronix Hardcopy Deviee 

MTS-433 Proeessor Interface 

MTS-BASI<:/RT-l.l 

Table xx. Experimental Sehedule 

Test temperature, K. 

295 

~ 
600 

800 

900 

1000 

1100 

1200 

-1 Strain Rate, s 

AT ATR 

' - AT 

AT AT 

AT • AT 
ATR ATR 

AT 
AT 

A = Axial, T = Tangential, R - Radial: 

\ 

" 

1 -

1 
f 
1 ~ , 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

5 • 1 Crystall.opati*? '1exture of the Excel. Alloy Pœssuœ TUbe 

Figures 33 and 34 show the pole figures for the f~ont 

and back ends of the pressure tube utilized in this ---. investigation. As can be seen, the tube ~ed'a very 

strong texturé', as indicated by the high texture coeffi-

ciènts, and consisting of basal plane poles oriented .. 
towards the circumferential direction of the tube. 

Additionally, the basal plane poles seem to be randomly 

oriented near the radial direction, whereas no basal 
J 

poles are aligned along the axial direction of the tUbe. 
Çl 

fabricationr : This texture is a direct result of the tube 

process, as mentioned in Sec. 4.3.2.1, and it is apparent 

that the state of anisotropy of the tube, which i8 a result 

of the texture, has three mutually perpend~cular planes 

of symmetry which intersect a10ng the three principal 

directions of the tube, i. e. the axial, radial" and circum-

ferential directions. 

In teras of the ideal orientations introducecl in 

Chapter 3 (see Fig. 22), this tube'ha. a teXture vith .ast 

of the qrains 1.n A orientatiolUl (TC - 1.' aDCl soiIe of the 

Q 
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graina in AB orientat1ons. It 1s of part1cular interest 

to compare these results with those given in Table X for 

Z1rcaloy-2 and Zr-2.5 wtt Nb pressure tubes in s~ilar 

metal~urgical conditions. It is evident that EXcel alloy 

pressure tubes should have a higher circumferential yield 

strenqth than thé other tubes sinee they develop a much 

stronger texture with the basal p~ne poles more co~-

pletely oriented along this direction. 

Another important observation can be made by comparinq 

the pole figures for other Excel alloy pressure tubes 

reported by Cheadle et al(67) (see Fig. 26), with the 

pole figure for the tube used in this work. It seams that 

the basal plane normals in the present tube are more 

evenly distributed in the radial direction of the tube. 

This 1mplies a slight increase in the yield strength 

without affecting the ductility of the tube along the 

radial direction. This ~portant difference is a direct 

result of the different alloy composition, as weIl as the 

fabrication route for the present tube. With regard to 

the latter, the effect of increasinq the extrusion tempe-

rature from 1030 K to 1130 K is to sharpen the texture 

vith more basal poles oriented paralle1 to the tangentia1 

direction; the effect of decreasinq the extrusion ratio. 
1 

by contrast, ia to increase the number of basal poles close 

te the radial direction, leadinq to an a1moat random tex

ture in thi. direction (se. Fig •• 33 and 34) • 
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Thua, to summarize, it can be a.id tbat the crys

talloqrapbic texture of the pressure tube studied in this 

work consists of basal planes parallel to the axial 

direction of the tube with basal poles oriented mainly in 

the circumferential direction and a <lolo> direction 

parallel to the axis of the tube. From the values of the 

Tc's, one might expect strong anisotropy in mechanical 

properties, with the pressure tube being stronger in the 

circumferential direction and weaker Along the axial 

direction. 

In terms of this texture for the pressure tube, it 

is possible to describe the orientation of c pales in the 

three kinds of specimens used in this investigation: 

(i) specimens with axes parallel to the circumferential 

direction of the tube will have c'poles oriented appro

x~tely parallel ta the stress axis of the compression 

test: (ii) axial specimens will have their axes perpendi

cular ta the c axis of the hexagonal cell: and finally, 

(iii) in the radial specimens, there is no particular con

centration of basal poles Along the compression direction. 

As a result, radial specimens, in which the hexagona~ 

prisms are oriented so that the diametral strains are 

likely to be similar along the two symmetry directions 

perpendicular to the stress axis, are expected to exhibit 

1ittle anisotropy, while circumferentlal and axial specimens, 

because of the!r te~t~e, are expe~ted'to display strains 

in the two symmetry directions perpendicular to the stress axis 

of different magnitudes, thus the cross-sections of these type. of 
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specimens will become elliptical after deformation. Fig

ure 3S shows the ideal orientation of a hexagonal unit 

cell in the circumferential and axial spec~ens together 

with the elements of the most common deformation systems 

in zirconium alloys. From this figure, it is evident that, 

during a compression test on specimens with a circumferen-
-tial orientation, either or both {ll22}<ll23> twinning andl 

- -or {lOll}<l123> pyramidal slip need ta be activated in 

arder ta allow for the required reduction in height, while 

tens!le strains perpendicular to the stress axis can be 
- -accomplished by {lOlO}<12l0> prismatic slip. In the case 

af the axial specimens, however, prismatic slip can account 

far compressive strains parallel to the stress axis, 

while tensile strains in directions perpendicular ta the 

stress axis must be accommodated by either pyramidal slip 
- ... 

or {lOl2}<lOll> tensile twinning. Thua, one might expect 

differences between the flov behaviour of these two linds 

of specLmens since the deformation mechanisms by which 

the strains can be accomplished during the test are dif

ferent. It is noteworthy that if a tensile stress is . 

applied'ta the axial specimens, then compressive strains 

must be accommodated in directions perpendicular to the 
.. .. 

tensile axis, which aceording to Fig. 35 involves <e + a> 
- -pyramidal slip and/or {ll22}<l123> compression twinning. 

-It should be noted that {0002}<1120> basal slip could 

oceur in bath the circumferentially and AXially oriented 
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samples, since the basal poles can have orientations 

within 40 degrees of the stress axis in the case of the 

c1rcumferential specimens and around an axis perpendicu-

lar to the compression axis in the case of the axially 

oriented SpècLmens (see Fig. 35). However, the eRSS for 

basal slip 1s very high at low tempera~ures (T < 850 K, 

see Fig. 6) and twinning should operate under the se 

conditions. As the temperature is increased, basal slip 

can play a more important role in the deformation process.' 

In Chapters 2 and 3, the way in whichthe strain rate, 

temperature, and chemical composition can influence the de for-

mation mechanisms operating under a given set of conditions[was 

discussed. From the considerations introduced, it is 

evident that the flow properties of specimens taken from 

different directions in the pressure tube can have differ

ent mechanical properties, and tha~-these diverging 

behaviours are related to the differential deformation 

mechanisms which take'place at the temperatures 

rates involved. 
'd .train 

.( 
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Figure 35. Spatial orientation of the HC~ unit cell of alph9 zirconium 
in the specimens utilized in th!s ~ork. 
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, 5.2 Compression Tests 

5.2.1 Flow curves 

Figure 36 1s an equilibrium phaBe diagr.. for the Zr

Sn system. It can be seen that for the Excel al10y uti-

1ized in this work (3.8 wt, Sn), testing at temperatures 

be10w 1000 K involves deforming the HCP aipha zirconium 

phase, whi1e testing at temperatures in the range 1000-1300 

K invo1ves deforming a two-phase structure (a-HCP + a-SCC). 

Thus, it can be expected that the presence of the s-phase 

during testing at ~ > 100~ K changes the flow behaviour of 

Exee1 a1loy, wh1ch ean also be affected by the presence of 

precipitates and intermeta11ic partiele. (zr4sn). 

5.2.1.1 Circumferentia1 direction 

The f10w curves for cireumferent1al1y oriented spe~ 

cimens tested at 10-4 and 10-1s -1 are presented in Figs. 

37 and 38 respective1y. It can bec seen that at or below 

600 K at 10-4s-1 , or 990 K at 10-ls-1, the f10w curves 

show a high and decreasing strain hardening rate unti1 

frÂcture oceurs at true strains of about 0.13. This i8 

essentia11y attributab1e to the lack of five ea5i1y aeti

vatable deformat1on systems. At 800 K and 10-4 s -l, however, 

fracture of the spec~n occurs at E • 0.25; in eontraat 

to the flow .curves at 29"8 and 600 K at 10-4s -1 and at or 

be10w 900 K at 10-1s -l, the strain hardening rate 1s not 

very large and tend. to saturation at about E - 0.2, juat 

l ____ ~~~----------------.. ~--------------------
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Ftgure 37. Flow curves for tangentt"l sp2c1mens of Exeel 
all~ p:'.s8ure tube tested in cOIlpre.slon . ..,. 
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before fracture occurs. At 900 K and 10-4s-1, however, 

lt ls observed that after about 3% deformation, flow 
~ 

softenlng occurs very rapidly and it persists to true 

strains l~ger than 0.3. At 1000 K ànd 1Ô-4s-l , the 

flow curve shows sorne of the characteristics of dynamic 

recrystallization: after an initial flow regime charac-

terized by a decreasing st.rain hardening, rate, a "peak" 
" 

stress is reached at about 4% deformation followed by flow 

softening'and steady state flow at strains larqer than 

0.3. Such sof.teninq could also be due to shear ing and shear 

localization, which was always ,present at lower tempera

tures and eventually led to fracture. The apparént 
\ 

decrease in softening from 900 to 1000 K May be due to 

the deformation being more homogeneous at the higher tempe

ratures. Another possibil1ty for exp1alning this softeninq 

cou1d be the Occurrence of t'exture softening. Somewhat 

similar b~haviour ,iS observed in the f10w curves tested 

at 10-ls-1 and 1000 and 1100 K, a1though the flow softèning 

is,much 1ess pronounced and the curves resemb1e those 

characteristic of materia1s undergoinq plastic f10w controlle~ 

by dynamic recovery. 

~5. 2.1. 2 Radial direction 

The f10w curves for radial specimens tested at 298 

and 1000 K and at strain -4 rates of 10 and 10-1.-1 are 

presented in Fig. 39. It can be seen that the room tempe-
0 
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Figure 39: Flow cur\Tes for radial specimens -of Excel 
q alloy pressure tuba dete~mined in c?~p~ession. 
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rature f10w behaviour l.S very s.unilar to that of thé , 
1 

< 

circumferential specimens, Le. a large and decreasinct' 

strain hardeni~g rate is observed until fracture occurs, 

although at a somewhat larger strain. It should be noted 

that with thl.S klnd of specimen, the l.nitl.al height was 

only 4 mm, 50 that the scatter in the raw data was very 

large and sometlmes pre-strain5 of the order of 10% were 

applied to the spec unens a t the moment of advanc ing the 

actuator to contact the surface of the spec imen. Never-

theless, l.t can be observed from Flg. 38 that 
f"\ _ 

~ - da/de 

is sma11er than ln the case of the tangentl.al specimens; 

this indicates that at least 5 independent deformation 

systems are more easlly obtain~d and the fracture strains 

are consequent~y 1arger. At 1000 K and 10-1 5-1 , a'f1ow 

curve showing t~e characteristics of a f1~~ regime contro11ed 
\ 

by dynamic recovery is again obtained. 

5.2.1.3 Axl.a1 direction 

The f10w behaviour of the axial specimens turned out 

to be entire1y different from that of the circumferential 

and radial ones. 

The f10w curves are reproduced in Figs. 40 and 41 for 

strain rates of 10-4 and 10-1s -1 respective1y. As can be { 

seen, at 10-4s -1, the f10w curves for 600 and 298 K at 

first show a re1atively large and decreasing rate of work 

hardening which seems to reach a minimum at about 4% defor-

: I\'S'.. 'i4. 
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.Figuré"40. Flow cur'les for axial specimens of Excel a110y 
pressure tube tested in compression. '. 
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Figurè 41-. Fla. 'curves fot' axial specimens of Excel alloy 
pressure tube tested in coœpresli~n. 
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matien; after this,strain, e increases vith stress or 

.train unti1 it reaches a constant value after approxi

mately 10\ defo~tion. This strain hardeninq rate remains 

at its steady value unti1 fracture occurs at about 23' 

deformation. Similar behaviour is observed at a strain 

rate of 10-1
5-

1 and up to 800 K. However, at 800 K and 

-1 -1 10 s , after the reqime of constant strain hardening 

rate, the slope of the flow curves starts to decrease 

aqain at strains larqer than 0.2 and a smal1 further strain 

causes the specimen to fracture in the same manner as the 

other specimens in which no decrease in e was observed. 

The shape of these flow curves resembles those for 

zirconium single crysta1s obtained by Akhtar and Teghtsoo

nian(18J in tensile tests of crystals oriented for prisma-
17 

tic slip. A possible explanation for this behaviour was 

thouqht to bé the activation of different deformation 

mechanisms in each of the stages Ofl'-~t6w. 

fore decided to investigate the effe~J.,. ~f 

It was there-

stress state on 

the flow char~cteristics of the axial specimens. This was 

done by carryinq out a tensile test on a specimen machined 

from the axial direction of the pressure tube. Due to 

'exper1mental limitations, this was only completed at room 

temperature and the test ns performed by Dr. N. Christodou

leu of MeL in an automated MTS-Alpha testinq liystem. The 

fla" curve for thi. test is qiven in Fiq. 42 and it can 

~----~~----------------~----------------------------., 
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Figure 42. Tenaile flow curve for an axial specÛften of 
~xcel allaI pressure tube determiqed at 298 K 
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be seen that, comparing this curve with those given in 

Figs. 40 and 41, the state of stress, i.e. uniaxial com-

pression vs. uniaxial tension, does indeed affect the flow 

behaviour of the axial specimens. Frrstly, the tension 

testing of axial specimens causes a yield drop which is 

not observed during compression tests. Secondly, the yield 

strength in tension, as determined by the back-extrapola

tion method, seems to be slightly lower than the yield 

strength in compression, ~s determined by measuring the 

~"'proportional limit (0.2% offset strain) after fitting a 

straight line to the compression data for strains up ta 

0.005. Thirdly, the strain harden1nq rate durinq the \ 

tension test, after the initial yield drop, decreases 

with strain and seems to saturate at strains larger than 

15%. A comparison of the two flow curves shows the dra-

matie effects that the stress state causes in the defor- ' 

mation behaviour of these specLmens~ the two flow curves 

have been replotted in Fig. 43 for comparison purposes. 

Although the scatter 1n the compression data for the 

first 2' deformation 1s large, a fourth interesting point 

is the Strenqth Differential (50) exhibited by this alloy. 

The flow stresses for continued deformation after about 

0.11 true strain become larqer for compression than for 

tension. This could be due to thë reorientation of the 
. -

basal plane poles caused by the formation of {1012} twins 

durinq the compres.ion te.ts. Thi. twin cau •• s a rotation 

d 4 ( 
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of the texture sa as to align the c poles with the stress 

axis; should thi. occur, a reduction in heiqht along the 

c axis can only be achieved by either pyramidal slip .. .. 
with a <c + a> Burqers -vector pr by {1122} twinninq. 

Either of these mechanisms has a much higher eRSS than 

that required for prismatic slip on {lOiO} planes, which 

is the mechanism operatinq durinq the tensile test. This 

topic will be addressed further in the discussion chapter 

of this work. 

At 10-4s -1 and 800 K the flov behaviour seems to be 

contro1led by dynamic recovery as the stress-strain curve 

shows a steady state regime of flow after the initial 

strain hardening reqime. Sim11ar behaviour is observed 

at 10-ls -1 from 900 to 1100 K. On the other hand, dynamic 

recrystallization (or some other flow softening process 

such as texture softeninq) seems to control the flow 

behaviour of specimens deformed at 10-4s -1 in the tempera-

ture ranqe 900 - 1000 K. A steady .tate flow reqime is 

reached at E > 0.2. 

5.-2.2 Flow behaviour within the (a+S) 

phase field 

Piqure 44 shows the flov curves for the specimens 

teated at 1200 K and 10-1s-1 • Although the .catter Ln 

the.. two experiments vas larqe (t5 MPa for strains qr.ater 

than 0.1), two pointa are notevorthy. Firat, the yJ.eld 
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point in the axial specimen is sharper and the yield drop , 

1:8 larqer than in the case of the tanqential specimen. 

The relative yield drop in the first case is 2q, and in 

the second case it is Il'. After the initial yield, 

both flow curves show slight softening, and at strains 

larqer than 30% a reqime of steady state flow is established. 

Fiqure 45 is a photograph of the longitudinal section of a. 

circumferential spec~en tested at 1200 K and 10-ls-1. It 

can be appreciated that a considerable amount of precipita-

tion has occurred, mainly at grain boundaries. This, 

toqether with the occurrence of the sharp y~e1d points, ia 

evidence that aging can occur under these conditions of 

testing. The presence of the S-phase should be noted at 

the testinq temperature. On slow cooling from a tempera-

ture within the (a+S) phase field, Any B-phase present 

transforms to produce very small a grains, together with 

some retained a-phase, possibly a' martensite (see 
n _ 

Fig. 45(a), within the elonqated qrains). It can a1so 

be se en from Fig. 45(b) that the microstructure at the 

temperature of testing consisted of approximately 50' 

a and 50% a-phase. 

1 
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S.~.3 Effect of temperature and strain rate 

on the flo. stress 

The flow data determined from the experimental flow 

curves (Figs. 37-41) are listed in Table XXI. Here, it, 

should be mention~d~ha~, for a straln rate of 10-4s -l 
• 

and temperatures higher than 80~ K, the scatter in the 

.flow cuXves is large due to the small loaàs required to 

deform the specimens, as mentioned in Chapter 4. As a 

consequence, the values for the 0.2% offset yield stress 

have an estimated error of 20'. This error decreases with 

decreasing temperature and increasing strain rate as the 

loads required to deform the specimens are higher. Fig-

ures 46 to 51 give the temperature dependence of the flow 

-stress (0.2' and 2' offset yield st~ess and flow stress 

at E = 0.1) at the t~ different strain rates used in this 

work for all the three directions tested. As can be s~en, 

the flow stress decreases with increasing tempe rature and 

increases with strain rate irrespect ive of speçimen 

orientation. The rate of decrease of flow stress is 1ni-

tial~y slow: (i) between room temperature and 600 K at 
-4 ";'1 

10 s J and (ii) between 298 and 800 K at l -1 -1 Os. Abov. 

these temperatures, the flow stress decrease. rapidly with 

an 10crease in temperature and it aeeIU that the rate of 

( decreaa.e does not depend on strain rate, as can be 

. obs.rved from the silll1lar alopes of t<he d.1fferent curvea. 
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Tabje XXI. ,rlow data for eopereaaion teata of annealad Exeel alloy 

41 

SpeciMen Temperature 

(K) 

Strain Rate 
(8 -1) 

cr 0.2' offset 
(MPa) 

cr 2' offset 
° (MPa) 

. cr • "0 1 E .... 

(HPa) 

T .C1) 298 ~O-4 690 930 1160 

T 9 600 10-4 ~ 600 820 10BO 

T A 3 800 10-4 368 480 582 ' 

" .900 10-4 
l ,211, 354 430 

T 1 8 1000 '10-4 30 42 48 
A 2 m~ ---2.98 lO;;'4 515 64Q 168 

A • 600 10-4 448 544 660 

A X 2 800 10-4 276 324 340 
, A le 900 10-4 

,0 22~ 275 220 ' 

A 1 6 1000 10-4 45 59 55 
R 14]Jr~ - 298. 10-4 600 140 840 
R 7 1000 rio-4 22 35 35 

~ A 2 298 10-1 900 1110 1200 
T 7 800 10-1 600 750 900 
T 5 900 10-~ 475 600 690 

T .1 4 1000 +0 -1 208-~ 248 260 
T 1 2 1100 10-1 105 128 740 

, 1,3 C> 1200 10-1 . 50* 45** 45 
---

,-.. 

. . . cont;'d 
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Table XXI--cont' d· 

Specimen Temperat~re 

(K).t 

Strain Rate 
(s -1) 
~~~-_ .. __ .... -

(l) ~~ngentia1 ~irection specimen 
~(2)' Axial direction specimen 

(3) Radial direction specimen 
* Upper rie1d poi~t 

** Lower yield point 

,) 

, 
" 

o .. u~.{ __ ..... 

, 

c 

~ 

..... 

L 

Go,. 2' offset 
. (MPa) 

... 

.. , 1 

1. 

°2' offset 
(MPa) 

'-... 

, 

<> 

0e; = 0.1 
(MPa) 

840 

536 

320 

210 
115 

48 

'J / 

920 
210 

,,-... 

, 

...., jo( 

~ , , 
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Figure 46. Effect of tempe rature and specimen orien
tation on the 0.2% yield stress of specimens 
machined from Exce1 a110y pressure tube, 
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Figure 47. Effect of temperature and spécimen orientation 
on the 2% yie1d stress of sp.ecimens machined 
from Exce1 a110y pressure tube, 10- 4 s- 1 • 
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5.2.4 Effect of spect.en orientation on 

the f low strèss 

158. 

-
The affect of specimen orientation on the flow stress 

, 
cao be observed from the results presented in Table XXI 

, J 

and Figs. 46 to 51. As can be seen, specimens with stress 

axes para11e1 to the circumferentia1 direction of the 

pressure tube show the highest f10w stresses at aIl tempe-

ratures and both strain rates. It can also be seen that 

spec~ns with this orientation remain the strongest after 

deformations of the order of 10\ (see Figs. 46 and 51) • 

By contrast, axial specimens showed the lowest flow stresses 

for a qiven temperature and strain rate, while radial 

specimens have flow stresses intermediate between those of 

the circumferential and axial specimens. 

Flow stress ratios were calculated for the axial and 

radial directlons, wlth respect to the circumferential 

direction, as a function of straln, strain rate and ternpe-

rature; the resul ts are given in Table XXII. ' It can he 

seen that at a strain rate of 10-4s-1 and in the tempe-

rature range 298-800 K, the 0.2% yield stress in the cir-

cumferentla1 dlrection is 25-30% larger than that in the , 
axial direction, and appro'xirnately 15% larger with 

respect to the radial direction. After small deformati~\S " ~-'~ 

(2% offset), the axial stress ratios decrease to 0.66 aà / 
, / 

600 and 800 K. At room temperature, however, the ratfo 

seems to rernain constant at 0.7 • 

4 • 
'. 
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Table XXII. Effect of sEecimen orientation and strain on 

the flow stress of Excel allo~ Eressure tube 
.l< 

Specimen Temperature Strain Rate o.2%/Ot * °2, I Ot * 
(K) (s -1) 

A 2 298 10-4 0.74 0.69 
A 8 600 10-4 0.74 0.66 

A X 2 800 10-4 0.75 0.67 

R 1 298 10-4 0.87 0.80 

A X 3 298 10-1 0.66 0.66 

A 7 800 10-1 0.62 0.57 

A X 1 900 10-1 
0.46 0.46 

A 2 4 1000 10-1 0.95 0.84 

A 1 2 1100 10-1 0.92 0.84 

RIO 298 10-1 0.74 0.75 

R 5 1000 10-1 0.91 0.84 

*00.2% = 0.2% offset yie1d stress 

°2% = 2% offset yield stress 

( 00.1% = flow stress at E = 0.1 

~ 

o.l/Ot * 

0.67 
0.66 

0.60 

0.72 

0.70 

0.58 

0.46 

0.80 

0.82 

0.76 
0.80 

°t = flow stress in the circumferential direct1on~at~e same level of .train. 

• 

~ 
~ 
\D .. 
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At a strain rate of 10-1s-1 and at 298-900 K, the 

0.2\ yield stress in the circumferentia1 direction is 

about 25\ larger with respect to the radial direction. 

However, these differences decrease considerably as the . 
temperature is increased to 1000 and 1100 K, where the stress 

ratios are about 0.95. With increasing strain, the 

stress ratios seern to remain constant at 298 K and 800. K, 

although at 298 K it seems that, at strains greater than 

10\, the ratio increases to about 0.70, a value near that 

corresponding to the radial direction. At higher ternpe-

ratu~es (T > 800 K), increasing strain causes a decrease 

in the stress ratio. It 1S of interest to note that at 

900 K the stress ratio at 0.2% offset deformation suddenly 

decrea~s to 0.46 and remains constant with increasing 

strain. Th1S behav10ur is another consequence of t1~ ani-
, 

sotropic nature of the flow behav10ur of th1s alloy. 'In 

the case of the rad1al direction at 1000 K, the stress 

ratio i5 similar to that of the axial direction (-0.95). 

These results indicate that the an150tropic flow 

behaviour of the material under inve5t1gation is consis-

tent with the experirnentally determined distribution of 

basal poles in the pressure tube with the circumferential 

direction being the strongest and the axial direction the 

weakest. Furthermore, it seems that the stra1n hardening 

behaviour depends on the direction of testing and also 

depends on temperature for a given direction. Here again, 

---------~ 
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the main differences are between the circumferential 

and axial directions since the se are ~he ones with parti

cularly different grain orientation distributions. In 

'the case of circumferential specimens, the majority of 

the grains are oriented with their c axes near the compres-

sion axis and twinning ls expected te occur at low tem-

peratures and high straln rates. On the other hand, in 

the case of axial specimens, which have grains oriented 

vith ~heir c poles almost perpendicular to the stress 

axis, prismat,lc' slip 1.S expected to allow for the compres-

sive strain applied to the specimens~ EVidently, axial 

specimens are expected ta be more ductile than circumferen-

tial ones since slip is generally easier to activate than 

twinning (see Chapter 2). 
'f> , 

The true strain at fracture for axial and tangential 

specimens 1.n the temperature range 298-900 K is given in 
ù -4 

Table XXIII and Fig. 52 for stra1.n"rates of la and 

-1 ':'1 
.10 s . Fracture usually occurred in the' compression 

specimens Along planes at about 45 degrees to the stress 

axis and the fracture appearance was always of the ductile 

(shear) type. As can be seen from Fig. 52, the fracture 

strain increases rapl.dly 1.n the temperature range 600-80b 

-4 -1 K at 10 s for the tangentia1 specimens. At lower tem-

peratures, the strain ta fracture remains constant and, 

-1 -1 at 10 s ,the same behaviour is fallowed up ta 900 K. 

By contrast, axial specimens tested at temperatures higher 
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Tab1e XXIII. Effect of specimen orientation, temperature and .train . -

rate on the true strain to fracture for Exce1 a110y 

Specimen 

T 2 

T 9 

T A 3 .,. 
A 2 
A 8 

T A 2 

T 7 

T 5 

A x 3 

A 7 

Temperature 
(K) 

298 

600 
800 

298 
600 ...Q 

298 
800 

900 
298 

800 

<, 

Strain Rate 
(8-1) 

10-4 

10-4 

10-4 

10-4 

10-4 

10-1 

10-1 

10-1 

10-1 

10-1 

\ 

True Strain ta 
Fracture 

0.14 
0.13 
0.25 

0.21 
0.19 

0.13 
0.14 _ 

0.13 
0.23 
0.30 

..-... 

.... 
~ 
N 
• 
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Figure 52. Effect of specimen orientation, strain rate and teaperature 
on the true strain to fracture. 
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than 600 K at 10-4.-1 did not fail and the Lncrease in 

ducti;ity follows the usual behaviour as the temperature 

i8 1nèreased.~ At a stra1n rate of 10-ls-1, the strain to 

fracture increases's1owly in the temperature range 300-

·~oo K; at still hiqher temperatures, the specimens did 

not fail. < 

Another impor~ant observation was that, in the speci-

mens that fractured, the strains in directions .perpendicu-

lar to the stress axis were small. H?WeVer, Iwhen fracture 

did not occur, the cross-section of the specimens ~ad an 

e111ptical shape indicating that the principal strains 

perpendicular to the stress ~xis ~ere of different magni-

tudes. For an isotropie material, the strain tensor in 

a uniaxial compression test is giv~n ~ 

El 0 0 

-
E == 0 E 2 0 (5.1) 

0 0 e: 3 

where e: l is the compressive strain al~ng ~he. stress 'axis, 

an~ E 2 and E: 3 are the principal tensile strains ia.-the two 
l ' \ 

other mutually perpendicular directions and are related by 

(5.2) 

Thus a uniform uniaxial compressive stress causes a uni-

form tensile strain in directions perpendicular to the 

i 

f'" 1 
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stress ax~s and the cross-section of the specimen after 

stralning must be uniform1y circular. . \ 

Tablé" XXIV gives the final dimensions qf two axial 

.. -4 -1 L 
specimens after straining at 800~K and 10· sand 900 K ,.." ;' .. 
and 10-l s- l • The presence of frictio? and,possi-

bly shearing e~fects were both evf.aent, (Ei + E2 + E3 t: 0) '. 

espec-iall,Y in the case of the' specimen te~ted te a strain . 

beyond 0.5. The increase ~in vo1~e observed indicates that" 

cavitation and crack formation were occurring in the se 
~ 

tests, and that voids were being Qpened u~n the s~cirnen 
, 

interior. , Such internaI damage ~as net- produced at the 

higher temperatures. It ls also evide~t that rneJtanical 

a~isotropy ~n these specim~ns'results in nen-uniform. 

diametral strains a'hd e1liptlcal f iI)al', cross-sections. It 

~hat radial specim~s ~howe~ the 

most uniform diametral c1e format. iop . r·. 
, '. 

should be pointed out 
Q 

The behaviour descriped above can be èxplained by 
~ . 

considering the grain orientation distributions ,in the ~ 

specimens. Figur~ 35 (b) sh9wS that the) axial spec~mens\ 

can accommodate a t,msile strain in the di,rection perpen

dicular to the plane of tbe j'aper (say t~e Y direèticml 
", . l&. ~ 

by prismatic slip. However, in the direction whicQ is 

perpendicular to the stre.ss axis and in the plane of the 

paper, i. e. for a tensile strain along the c axis (say .the . 
X direction), either {IOï2} twinning or' <~ + é> slip must 

, . 
be activated to allow for expansion'in'that direction. 

, 

... . .. 

. ... 
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Table XXIV. Anisotropy of straining in axial 8peci~n. 

\ 

" 

Specimen T(K) 

A24 800 

A23 900 

*0 = major diameter 

**d = minor diameter 

.-----

machined trom Excel a110y pressure tube 

Ë (8- 1 ) hf(mm) D*(mm) d**(min) 

10- 4 3.45 6.25 4.80 

10- 1 3.65 5.90 4.75 

1 

E 1 E 2 

-0.553 0.446 

-0.497 0.389 

. 

",-

~~ 
Il 

E 3 

0.182 

0.172 

.... 
0\ 
0\ 
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These two mechanisms have higher CRSS's than prismat1c 

slip and consequently the strains 1n the X and Y direc

tions will not be un1formj 1nstead, el11pt1cal cross

sections wil~ be formed, w1th the Y stra1ns greater than 

those 1n the X d1rect1on. Table XXV g1ves a summary of 

the cond1t1ons for act1vat10n of the d1fferent mechan1sms 

of deformat1on 1n Zlrcon1um and Z1rcaloys. From the table 

it can be deduced that 1f ~6 +; Sllp and tW1nn1ng are 

not operatlve at a g1ven temperature and straln rate, 

then fracture wlll occur. ThlS was conf1rmed for the 

speclmens tested at the lower temperatures (T ' 900). 

Flnally, lt 1S worth mentlonlng that th1s behavlour 

pers1sted up to 1100 K. At 1200 K, the cross-sectlon of 

the speclmen~ showed 11ttle or no eccentr1clty and the 

stra1n an1sotropy seemed to disappear, as weIl as the 

tendency for the speC1men volume to increase w1th straln. 

The an1sotropy of flow stress at th1s temperature also 

seems to dlsappear, but the scatter in the data at 

high temperatures does not make possible the accurate de ter

mination of the flow stresses. 

( 
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( 
Table XXV. Deformation s~stems in Cl -Zirconium and Zir.ca10:is 

.' 

.., 
Crystallographlc Temperature & 

Type Plane DIrectIon DescrIptlon Stress Range 

- --
SlIp Prism a {101O"l2l0 AIl tempera-

" tures 
Lowest stress 

"- system 

SI~p Basal <a'> {OOOl}<l2l0> Hlgh tempera-
tures 

- -
Sl~p PyramIdal <c + a'> { 1011 ~ < 1123" Intermedlate 

temperature, 
Hlgh stress 

- -
SlIp Pyramldal 'c 

. a-, { 1121 r ,_ll23 ... Hlgh tempera-+ 
ture, Hlgh 
stress 

T'w~n PyramIdal <c + a-, { lO12}<1011.., Intermedlate 

~ 
temperature, 
c-axis tenSIon 

T'win PyramIdal <c + a> { ll2l}<ll26, Low tempera-
1 ture, 

c-aXIS tenSIon 

-
T'win PyramIdal <c + a> { 1122}" 1123-, Low-interme-

diate tempera-
ture, c-aXls 
compreSSIon 

T'win PyramIdal <c + a> { lOll} < 1012> Intermed.late-
high tempera-
ture, c-axis 
compreSSIon 

-
( 

li 
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CHAPTER 6 

DISCUSSION 

6.1 General Observatl0ns 

The anlsotropic mechanlcal behaviour of the material 

under investlgatl0n was represented ln FlgS. 46 to 51 

above in the form of c(T) curves; from these data lt was 

eVldent that the stress ~s a functlon of speclmen orienta-

tlon, as weIl as of stra~n rate and true strain. Further-

more, in Table XXII, the flow stress rat lOS were llsted 

for axial and radlal spec1mens, where these were norma-

lized with respect to the flow stress for the tangent laI 

speclmen at a glven temperature and straln rate. It seems 

clear from the results at both straln rates that the anlSO-

tropy of flow stress decreases as the temperature lS 

increased for temperatures hlgher than 900 K. At lower 

temperatures, however, the stress ratlos remain almost 

constant; there is Ilttle change with increasing temperature 

-4 -1 
at 10 s and a small decrease wlth increase ln temperature 

-1 -1 at 10 5 • For example, the stress ratio decreases from 

0.62 at 800 K to 0.46 at 900K. Similar behaviour is 

observed as the strain is increased. AlI these observa-
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tions, as ment10ned 1n the last chapter, can be expla1ned 

ln terms of the initial crystallographlc texture of the 

materlal (see FlgS. 33 and 34) ,lnd the resultlnq lllstrlbu-

t1.on of basal plane poles 1!1 specimens of the three dtffer-

ent or1entations 11tlllzed ln thlS work (see F.hL F)). Two 

extreme Cdses ,:,ln De noted: (1) tl1dt of ': poles parallel 

to the compression aXIS (tôngentl,11 SfJcclInens); and (11) 

that of c poles perpendlcular ta thp compression aX1S 

(ax1al specimens). From these observations it seems clear 

that dlfferent deformatlon mechanlsms control the plastlc 

f low bella v lOU r 0 f these two k lnds 0 f spec lmen and dl f fer-

ences ln the straln hardenlng behavlour are therefore 

expected. ThiS lS also apparent from the dlfferences 

between the Flow curves for these specimens (see FigS. 

37, 38, 40 and 41). Thus, it can be sald that bath the 

yleld stress apd the subsequent straln hardenlng behavlour 

of the present materlal are determined by 1tS lnltial 

texture. 

ThiS behaViRur can be complicated still further by 
• 

texture changes, l.e. gra1n reor1entat1ons, that can occur 

durlng contlnued deformation. 

• 
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6.2 Influence of Basal Pole Orlentatlon on the Flow 

BehaVlour at Low Temperatures 

From the results descrlbed ln Chapter 3 It 1S apparent 

that the yleld strength of the materlal tends ta Increase 

as the proportion of bdsal poles orlcnted parallel ta the 

stress aXlS Increases; I.e. the yleld stress for tanqentiai 

speCImens IS greater th an that fur aXIal speclmens wlth 

radIal specImens havlng Intermedlate yleld strengths. 

The deformatlon svstems ln the ·axl.al and tanqentlal s!)ec1.l"\ens 

were lilustrated in Fiq. 35 ahove: 

for the aXlal ~oeClMPns ~nd illï21,ïoll~ tW1.nning and/or .. .. 
c + a SlIP for the tangent laI specImens. Thus, 1 t seems 

that compreSSIve deformat1on ln the two extreme cases 

studled ln thlS work lS controlled: (1) by prlsmat1c slIP 

when the basal poles are orlented perpendlcular to the 

stress aXIS; and (11) by c + a· pyramldal sl1.p and (1122} 

tWlnnlng for compress1.on parallel to the c axis. It 1.S 

therefore to be expected that the y1.eld st~ess of the alloy 

should l.ncrease w1.th an increase 1.n the proportion of basal 

poles or1ented parallel to the stress axis; furtherrnore, 

pr1.srna~1.c slip should control the deformat1.on process at 

. -+.... -
very low prooort1.ons and <c + a> sli? and/or {1122} twinning 

àt la~~e proportions. 
\ 

In fact, the Dehaviour in these two 

extrerne cases can be modeled in terms of the behaviour of 

(76 77) 
suitably oriented s1.ngle crystals. ' 

-
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However, the above arguments seem to contradlct the 

(13 18 22) observatlons of authors " who have lnvest1gated 

the CRSS's for the activatl0n of the varlOUS deformatlon 

mechanisms ln Zlrconlum and ZIrconIum alloys. Flgure S3 

shows the CRSS as a functlon of temperature for dlfferent 

deformatlon mechanlsms Jnd, as can be seen, the CRSS for 

prlsmatlc sllp 15 lower than that required to actlvate 

any other mechanlsm. Further, It has been found(22) that 

1 

the stress levels for actIvatIon of any of the c ~ a 

mechanlsms for c aXIS compresslon are at least 1.5 to 2.0 

times that for prlsm SlIp. 

Ball1nger and pelloux(SO) have found, by studylng the 

yleld stress of Zlrcaloy-2 as a functlon of the Kearn 

texture number f (effectlve fractlon of basal poles orlen

ted ln a given dlrectlon) , (78) that the Increase in Yleld 

stress with 1ncreasing f lS not due to c + a· aXIS defor-

matlon (elther tWlnnlng or slIp) becom1ng increasingly 

predominant. Instead, they suggest that the material can 

be treated as a composIte of two components: one component 

that lS d1fflcult to deform and another WhlCh lS easlly 

deformed. In addItIon, ln thlS model, compatibility 

between ,the two fractions must be satisfied. Their model 

is represented schematica11y in Fig. 54. The basis of 

the treat~ent ls that the basal poles are not considered 

to be completely paralle1 to a given dIrection; Instead, 

! 

l 
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AXIS DEFORMATrON 
CONTROlLED ~ , 

PRISM SLIP CONTROlLED 

~ 3 

TEXTURE NUMBER f 

Fig~re 54. QU31itativ2 b~havio~r of the yield str2sS vs. 
texture number, F, for a textured po1ycrystaJ-
1 ine ma ter ia 1 . 
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the texture of the polycrystal 1S taken as lnvolvlng a 

flnite proportlon of grains favourably orlented for prlsm 

SllP· It can be secn from Fig. S4 lh~t ln region 2, J .e. 

for textures Intermedldle bctween thosc nf the aXlal and 

clrcumferentlal specImens Hl the EJresent work, pl.lstu 

deformat Lon of the materl.:ll wIll be control Led hl' prlsm 

Sllp. As f Jncreascs ln reSlon 2, more qr.:llnS arc oriented 

parallel to the 'hdrd' dlrectlon and, as a consequence, 

fewer gr.:llnS are aVd11able for prlsm Sllp. In addit_lon, 

gralns wlth 'hard' orlentatlons lmpose constralnts on the 

'soft' gralns and the net result lS an lncrease ln flow 

stress as f increases. In reglons land 3, l.e. for the 

cases of the aXlal and clrcumferential speelmens ln thlS 

work, the mate r la l can be expected ta ,j;Jeha ve ln' a way S lmllar 

to that of a slngle crystal, as mentloned before. When the 

c poles are orlented perpendlcular to the stress aXls, 

however, deformation wlll be controlled by the c aX1S ten

sile or compresslve mechanlsm due to the POlsson effect; 

l.e. extension or reductlon parallel to the loading aX1S, 

respectlvely, must be accompanied by laterai contraction 

or expanslon. Thus, for textures approachlng the ldeal, 

the c mechanlsm must operate. 

The argument summarized above seems reasonable for 

tensile loadlng perpendicular to the c axis Slnce in this 

case compresslve strains must be accommodated in dlrectl0ns 

perpendlcular to the stress axis and, as lndlcated in Fig. 
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35, th1S can only be ach1eved by the operat1on of a 'c + a> 

mechanism. However, ln the case of compress1ve deformatlon 

perpendlcular to tne c aXiS, as in the presenL ~ase, tensile 

stralns must be accommodated. fl'_1ure 1', showc.; thdt thlS 

can be achleved by the operatIon of the 101:': 10 Ll 

tW1nning system. Several lnvest1qator~ nave Jetermlned 

that the stress leveL for actlvatlon of thlS klnd of tWln 

15 approx1mately the same as for prlsm slip. Recently, 

Tome and Kocks(79) have calculated the stress aXiS orlenta-

tion domains ln WhlCh plastic deformatlon ln tensIon or 

compressIon requlres the activatIon of a vertex of the single 

crystal yleld surface wlth WhlCh at 1east one tWlnolng 

- -
system lS assoclated; i.e. the 1012 r 1011 tWln system. 

( 
These domalns are shown 10 Fig. 55. As can be seen, 

/ compression ln d1rectlons perpendlcu1ar to the c aXIS 

requlres the activation of the -1012- tWln system. The 

unportance of the operation of tIns tWln system ln a compres-

sion test 15 that, when It operates, a rot~tlon of the c 

axis of approxlmately 85 degrees occurs (see Fig. 56) t 

WhlCh tends to allgn the c pole wlth the compression aXIs. 

This grain reorientation requlres that a 'c + a> mechanlsm 

operate ln order ta permit further compressive deformatlon; 

in thlS case the materlal contalns a double texture of basal 

poles, one approx1mately perpendlcular and one parallel to 

the stress aXIs. Thus, for the case of the aXial specimens 

ln thlS work, lt seems that the Initial controlling mecha-
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nism is pr1smatic s11p for deformat1on parallel to the 
-

stress axis and {l012} tWlnnlng for deformation perpendl-

cular to the stress aX1S. Th1s behavlour wlll be dlscussed 

further ln the next sectlon. 

6.3 Texture Rotat1on and the Strength Differentlal Effect 

The effect of the need to accommodate tenslle stralns 

in directlons perpendlcular to the stress aX1S ln a compres-

sion test on aXlal speclmens was shown in the last sectlon 

to be one of c pole reorlentatlon towards the loadlng dlrec-

The fact that dlfferent 

deformatlon mechan1sms ~overn the overall deformatlon 

behav10ur dependlng on the or1entat1on of the basal plane 

,,---poles can be expla1ned 1n the llght of the effect that 

tensile deformatlon has on the flow behavlour ofaxlal spec1-

• 

mens. When aXlal speclmens are loaded ln tenslon, aXlal 

-
extens10n lS accompllshed by {lOl2} twinn1ng, whlle strains 

perpendlcular to the stress aX1S must be accommodated by 

a <~ + ;~ deformat1on mechanlsm. Ne1ther of the two possible 

<c + a> mechanlsms produces much reorlentatlon of the c 

poles, l.e. no texture rotatlon 15 producedi th~, as men

tioned earlier, deformat10n 1S controlled by <c + a> de for-

mation Vla the Poisson relatlonsh1p. By comparing the strain 

hardening rate ofaxlal and clrcumferentlal specimens 

.' 
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tested in compression, Figs. 37, 38, 40 and 41, it can be 

seen that deformation controlled by the operation of a 

.. -+ 
<c + a> mechan1srn produces a h1gher stra~n harden1ng rate. 

, 
The net result ~s the product~on of a strength d1fferential 

in axial speC1mens tested ~n compress1on and ten51on. 

This effect 15 clearly lllustrated ln Flg. 43. 

The SO[=(-c- ~T)/21 1S plotted as a functlon of true 

strain 1n Flg. 57. It lS eVldent that the ln~tlal flow 

stress 1S Sllghtly h1gher ~n compress10n than ln tenslon. 

However, the plateau ~n the cornpress~ve flow curve together 

with the hlgher ln1t1al straln harden1ng rate durlng tensile 

deformat10n causes the SO to decrease up to stralns of 

about 0.06. The fact that the SD lrcreases wlth stra1n 

after th1s m1n1mum and eventually becomes posltlve aga1n 

at approxirnately 0.11 true stra1n lS eVldence that enough 

texture rotat1on has occurred to change the controlllng 

defo~10n rnechan1sm from that of tensile tWlnnlng ln 

direct10ns perpendicular to the stress aX1S to that of 
.. -+ 

<c + a> deformatlon parallel to the stress aX1S. AS men-

tioned earller, th1S deformation mode exhibits a higher 

strain harden1ng rate, which leads to the crosslng of the 

two flow curves. 

There still remains the questlon of which of the two 
-+ -+ 

possible ,c + a> mechanisms ls actually controlling the 

deformation. Figure 56 shows that the texture rotatio~ 
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due to {1122} twinning in pure zirconium single crystals 

1s 64°. Such rotation is not apparent in the circumferen-

tial spec 1.mens tested ln compre:s 1.0: a t- {~empera ture s up to 

900 K. Thus, lt seems that a 'C + a' S1l mechanlsm lS 

the controlllng mode of deformatlon for b th compress1on 
\ . 

along the c aXiS and tenslon perpendlCUlaj to the c pole 

through POlsson's ratiO. ThlS observat1~n lS ln agreement 

W1.th the 1.nterpretatlons of other 
(31 38 80) l.nvest 19ators. ' , 

The effect of texture rotat1.on on the deformatl.on behavlour 

was conflrmed by Ba1llnger and Pelloux by means of X-ray 

diffractlon studles, transverse straln ratlo measurements, 

and texture number measurement as a functlon of stral.n. 

Their results are conslstent wlth the present data for 

Excel alloy. 

6.4 Fracture Behaviour 

As mentl.oned ln Chapter 5, the compression spec1.mens 

of Excel alloy fractured by a shear process wlth a frac-

ture occurring on planes lnclined at 45 degrees to the 

stress ax1.s. The fracture appearance was always of the duc-

tile type and the only difference between the axial and 

circumferential spec1.mens was the magn1.tude of the true 

straln to fracture (see Fig. 52). This type of behavlour 

has been descrlbed previously by Blaz and Jonas(79) at 775 K . 
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( Jensen and Backofen (33) also observed by means of electron 

microscopy that the fracture process ln Zircaloy-4 tested 

in plane straln compresslon alonq the r aXIS Involves 

h~ghly locallzed shear alonq bands ()f 11124 orientation. 

They found that under certaIn condillons contlnuerl shear 

+ ,1 li 1 s 10 ca t ion s 

can be arreslpd at ob:;tacles SLlCfl a~, 'rrdlD t){)\lndaries; 

neverthelps';, damage d\lc t() the nuelpatlor, and crrowth of 

vOlds il round pree lp 1 t a te part H: l es cou Id l ead lo f ract ure 

when cnough of these weakened shear bands are Ilnked toge-

ther. 

The dLfferences ln straln to fracture between aXlal 

and clrcumferentlal speCImens of Excel alloy pressure tube 

can be explalned ln thlS way. The 1ocallzatlon of flow due 
~ ... 

to shear band format lon requlres the operat l':m of c + a 

Sllp, Whlch 15 the operatlve mode of deformation for reduc-

tlon a10nq the c aXIS (clrcumferentlal speCImens) Thus 1 

shear bands wlll form readlly ln thlS klnd of speCImen 

and fracture.wlll occur early ln the deformatlon process . 

... 
By contrast, the operation of 'c + a sllp during the com-

presSlon of aXIal speCImens first requlres that texture 

rotatlon occur due to the operatlon of the tensl1e ,1012: 

tWlnnlng mechanism to allgn the basal poles paraI leI to the 

stress aXIS; a greater amount of deformation 15 therefore 

requlred before flow loca1ization can occur by the forma-

tlon of shear bands. 

L 
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6.5 Effect of Temperature and Stra~n Rate 

The dlfferences between deformatl0n paraI leI and perpen-

dicular to the basal pole mentl0ned ln the last sections 

are stl11 eVldent at temperalures up ta 600 K at 10-4 s -1 

and 800 K at 
~ 

-1 -1 10 c, . However, the Dehavlour 15 now com-

pl.lcated by t..he <1ct Ivat l'Jn of new deformat lon systems WhlCh 

cannot operatc at lower temperatures, 1.e. basal sllp at 

T 800 K and, 1011· tWlnnlng at T ')00 K. Furthermore, 

the compressIve deformation morlp parallel to the basal 

pole, c + cl sllp, 15 thermally actlvated(33) and thus 

exhlbits a hlqher sensltlvlty to temperature. 

Further lncreases ln temperature lnvolve the activation 

of other softenlng processes such as recovery and recrys-

tailizatlon. At sufflciently hlgh temperatures, these 

become more Important than the texture effects. 
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CHAPTER 7 

CONCLUSIONS 

1) The results ,f thlS px~erlme:1tal lr.vestl<~i'itlOr. 

show that the mecharll(-:al behaVIOt1r of cyllndrlcal specl-

mens takpn tram an Excel alloy pressure tube lS a str0r.~ 

functlon of the lnltiai crystallographlc texture of the 

speclmens, l.e. the texture of the pressure tube Itself. 

2) The flow stress lncreases wlth the proportlon of 

basal plane pales orlented paraI leI to the stress aXIS for 

speclmens loaded ln compreSSlon. Tangentlal speCImens, 

Wlth most of the graIns orlented wlth thelr C axes parallel 

ta the compreSSlon aXlS, showed the hlghest flow stresses 

whlle aXIal speCImens, Which had most of the graIns orlented 

wlth c axes perpendlcular to the compreSSIon aXIS, showed 

the lowest flow stresses. RadIal speCImens, With no 

partlcular concentratIon of c axes parallel ta the compres-

SIon aXls, dlsplayed lntermedlate flow stresses. 

3) The fact that d1.ffere~ shapes of flow curves 

were obta1.ned dependlng on the spec1.men or1.entation, and 

that d1.fferent strain hardenlng behavlours were also dis-

played, suggests that different deformation mechan1.sms 

operate depending on the orientatIon of the basal poles 

wlth respect to the stress axis. In this respect, tangen-
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tlal specunens showed the hlqhest rates of work hardenlng 

and aXlal specImens the lowest for the lnltlal stages of 

deformatlon up ta " 0.1. 

4) The stron~ strenqth dlfferentlal effect ln aXial 

speCImens loa,jed ln tension and compreSSIon 15 a re5ult 

of the dlfferent deformatlon merhanlsms requlrerl tc 3CCOM-

modate the stralns (compress1ve or tensIle) perpendlcular 

to the stress aXIS. 

5) The fact that tenslle strains perpendicular to 

the compress10n aX1S are accommodated by 11012 tenslle 

tWInrll ng ca uses a reor len ta t 10n of the c po les pa ra lle\ to 

the compreSSIon aXIS. The Increase ln the straln hardenlng .. 
rate of aXIal specImens after about 0.1 true straln 15 

eVldence for such texture rotatIon. ThIS effect Indicates 

that the mechanism controiling the deformatlon process 

changes from '1012 tWlnnlng ln dIrectIons perpendlcular 

to the stress aX1S, to 
->- + 
c + a Sllp parallel to the stress 

aXls. 

6) The lack of eVldence for texture rotatlon ln tan-

gentlal speclmens suggest that {ê + af pyramidal Sllp IS 

the deformation mechanlsm for reductlon parallel to the c 

axis ln Excel alloy. 

7) The ductillty of Excel alloy lS dlrectly related 

to the ablilty of the material to accommodate reductlons 
• 
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parallel to the stress aX1S and lt increases with an increase 

in temperature as the 
+ -<> 

C + a Slip mechanlsm lS hlQhly 

sensitive ta thermal actlvation. 

8) The anisotropie mechanlcal behavlour of Excel 

alloy follows the same pattern at straln rates nf 

- 4 - l 
and 10 s nver the temperature ranqe 29')-<)00 K. 

, A- 1 
l. I, 

A fur-

ther lncrease ln temperôture causes thermally aetlvated 

processes, such as dynamic recovery, to become mOre lmpor-

tant than the texture effects and the anisotropy decreases 

conslderably. 
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Suggestions for Future Work 

A1thouqh the present ana1ysis ~f tne anlsotropy 

of nechanlcal propertles of Excel 3110v has nee~ rarrlAd 

~) li t l n an e s sen t l Cl l l Y Fl aIL ta t l V (> wa ":', : t de m (> n s tri ~" e s 

~he '11qhlv ::ol'1plex WO'/ 1.:1 WhlC~ the ':'lelti stress 1n,1 

the subse1uent strain hardenln0 behavlour are 3ffecterl bv 

the ablllty of tne material ta deform by tWinnlna as 

weIl as by SllP under a 01ven set of experlmental condi-

tions. The fact that the activation of the dif:erent 

deformation ~odes de~ends on the initi~l crystalloqraphlc 

texture, the evolution of thlS texture as the materlal lS 

stralned, as weIl as on the temperature and strain rate, 

and that, up to now, no satlsfactory model has been 

proposed for the prediction of such a complex behaVlour 

1ustifies the need for further research ln thiS area. 

From the results of the ~resent lnvestlgation, the fol1ow

lng topies are suggested for future work: 

1) The effect of the extent to WhiCh tWinning can 

occur during the strainlng of a polycrystaillne aqgregate 

should be studied ln detall slnce thlS process strongly 

affects the development of the texture. 

2) In the case of material with a texture slmilar 

to that of the aXlal specimens ln this work, the effects 

of basal pole reorlentation should he studied in a quanti-

1 
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tative manner, especia11y as regards the effects of 

temperature and strain rate. This work should be suppor

ted by X-ray and electron diffraction studles on specl

mens deformed to dlfferent stralns. 

3) Such studles should be carrled out under stress 

and straln states nore representatlve of actual fabrlca

tlon and operatlng condItIons for thlS alloy: e.g. plane 

straln compressIon and tension, and Dlaxiai stresslng. 

4) Studles of flow locallzation due ta shear band 

formatIon and the effects of changes ln the straln path 

on the locallzatlon ~f shear could lead to a better 

understandlnq of the fracture and flow softenlng behavlour 

of the ~resent materlal. 
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10 REM --~------~------~---------------------------------------~---------
20 REM 
30 REM 
40 RE~1 

A P P E ~.~ 0 1 x 1 

1~OtRE~1 -----------------------------------------------------------------
2(10 REM 
300 REM 
400 REt" 
seo f;'EM 
600 REt1 
7ge REN 
8eo RE~1 

COHST~HT TRUE STRAIt~ RATE COMPRESSIOt-1 TEST 

PROGRAMMEO 8'1) RPMAt~DO SAL 1 HAS ROOR 1 GUEZ 

REVISEO WITH THE RSSISTAUCE OF RICHARD BERGLY OF MTS 

900 REM -----------------------------------------------------------------
1 eee DHl P< 220). S( 220 ), ~\( 495)) S3( 220), E2< 220). P3( 220 ) 
1100 QUIT 
1200 FGl< e) 
t:~ee MSl-H ( 2 ) 
1400 Ct·HR( 3 ) 
150e PPINT II~,OULO y~U LIKE TO ~:EC~LL MTA FOR PLOTTIHG ? (y OR 1 CR' )11 • 

1600 It·FUT Il. 
Irae REM ---------------------------------------------------------------
1800 ~M EXPERH1EtHAL CONDI TIONS 
1900 REM ---------------------------------------------------------------
2000 pp 1 HT .. TEST 1 D ".', n~PUT t~t 
2100 PRun "MATERIAL .. , ',It~PUT ~1t 
2200 PF'H~T "HEAT TPEHTt1Etn /1), IHPUT H$ 
2'300 PRI~n "TEST TE~'PERHTURE Il,' It4PUT TS 
2499 PRn~T "TOTAL STPHH~ tI,'H~PUT E 
25ee PR 1 HT 11 TRUE S TPH H~ RH TE ( 1, 'SEC '1 Il.', It~PUT El 
260e PRn~T IISTROKE P~t4GE (MM)II) ',It~PUT R1 
2790 PR l NT "LOAO PAt 4GE (LBS) ",' l ~~PUT R2 
2800 PRINT /lSPECIt1Et~ HEIGHT ('1'1 111

, 'd~~PUT U3 
2900 PRun "SPECIt1E~~ DIAt'1ETER (t'1t'1 III. n~PUT De 
3eee Ae=PI*De~2"4 

.... 1-
\0 
cr-. 



3100 T=E~El'~=2047/R1'Kl~2047/R2 
3200 IF Il.< "YII THEN 3800 
3300 GOSUB 19900 
34(10 GO TO 11300 

-

.,; 

3500 REM ------------------------------------------------------~---------3600 REM CALCULATE FUHCTIOH GEHERATOR PARAHETERS 

~~~ ~~MT;20ë-THEH-460ë--------------------------------------------------
3~:I H=200 
4000 1 FT): 100 THEN 4700 
4100 IF T>=50 THEH 4990 
4200 IF T>-10 THEH 4900 
4380 IF T>a:5 1lEH 4~ 
4400 Ra 1 e9'-~H-l 0e'GO TO ~ 
4580 R=59"-A4-1 'GO TO 5800 
468e ~1'A4=~Q) TO seee 
4700 R=5"-A4=S'c;o TO 5000 
48e0 R·18~a4 \.GO TO 5809 
4980 R=~ 
5009 X( 1 ~/T /R/2 
5190 VaT 
52e0 V-te 
5388 V2-IHT(9*Y+.~) 
54M REM ------...----... ~ ....... -.-. ..... ------...... -~------~ .... --..... -. -_ ........ _-~ .... _. 
~ REM SET UP THE SYSTEJ1 
5699 REM --~----~~-------... ---~~~~~-~~~---~-~------~- ~---~ 
5700 CHTR< 3 )~1 ( 2 )'FG 1 ( 0 ) 
5eee PRI HT "OECK THE FCl..LOWI HG: .. 'PR 1 HT 
5999 PRINT "OC ERROR IS et. 
6eee PR 1 NT .. REt1OTE/LOCAL SW 1 TeH TO REMO TE Il 
6188 PRINT "SPAN 1 IS AT ZERO" 
6288 PR 1 HT .. STROKE CONTROL" '-PR 1 HT 
6388 PRIHT .. ~SS RETURH TO COHTIHUE"j'IHPUT F.'PRIHT 
6488 PRINT "Tl.RH OH THE HY[)RAULICS",PRINT 
6508 PRINT uSET 1 SPAN l' TO 10" 

I~ 

-.) 

-.J 



- - ~ 

6600 PRIHT 'PRIt~T "PRESS RETURN TO CO~nIt~UE"1 It~PUT F",P~It~T 
6700 REM-----------------------------------------------------------------
6800 REM DUMP CHECK 
6900 REM-----------------------------------------------------------------
7000 EOMP 
7100 SQMP(lJA)'IF ~0 THEH 7800 
7200 PRIHT "0lt1P CARO PROBLEt1. UHABLE TO FINISH TEST Il 

7300 PRIHT \.PRIHT ttTURH OFF THE HYORAULICS Il 

7400 STOP 
7~ REM -------------------------------------------------------------
7600 REM EXPERU1ENT STARTS 
7~ ~ ~-----------~--~~-~------~-------~-------------------------~-
7888 PRIHT "IS l1€ PIST~ IN nE RIGHT POSITI~ 1" ;,'UFUT Al$ 
7988 IF A2t< "V" llE.}f 7899 
seee DACQ(8,Sl,2,9> 
8188 F~ 1-2 TO H+2 
82e8 X( 1 >-K*L8*( EXP< -E*< 1 -2 )/H)-1 )+S 1 + . ~'JEXT 1 
8388 )( ..... 2 
9488 TIHE(V}E9)~3}p,e,U)'~6,S,2,2) 
~ FG1(X,l,7,A4)'STAR 
9688 IF P<-t88 11EH 9688 
8788 QUIT(l)~lel~ 
8888 TlME<V2,ES)'STAR 
8909 BUFl<Z)'IF Z)-1 THEH 8990 
geee QUIT 
9108 REM --------------- EXPERI~HT IS FIHISHEO -----------------------
9209 ~e,S4,2,e) 
9389 REM -------------- RETURN PISTON TO INITIAl POSITION ---------------
9499 FOR I-S. TO e 
9MJ8 FCl( 1) 
9608 HEXT 1 
9788 PRINT "VOU CAN TURH OFF THE HYDRAULICS HQW" 
9808 PRIHT ItHIT A tCR' WHEH READY")'IHPUT CS 
"" PRIHT "WotA..D VOU LIKE TO STORE THE DATA ?","-INPUT C' 
19988 IF C'(uy" THEN GO TO 11390 

• 

jjj 

t-' 
\0 
ex> 
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( 

- ... 
1e100 REM --------------------------------------------------------------
1('200 REM STORING EXPERl~1ENTHL DATA ON A FlOPPY DISK 
10300 REM --------------------------------------------------~-----------
10400 FOR I-P+2 TO 3 STEP -1'P(I)=P<I-2),HEXT l 
10500 P(1)=P,P<2)-Sl'P-P+2 
10600 OPEN "OX1:""H$ FOR OUTPUT AS FllE .1 
la700 AOUT<P,l/0/E4) 
10800 AOUT<S/111/E5) 
1090e CLOSE Il 
11998 REM ~-------------------------~----------------------------------
111. RaI ~Cll.ATE TRlE STRESS " TRUE STRAIH 
11288 REM ~----~-~--~-----~-~~~~---~----~~--~~----------------------
11389 u-e 
11488 FOR 1-1 TO P 
11~ LsABS< P< 1) >*9.81/1<:1/1098/2.2&46 
11688 Ll-6. S896E-8S*I..."2-. 8164243*l. 
11788 L2-< S< 1 >-81 )/1( 
117S8 L3-I...8+l2-Ll 
11888 E2( 1 >--I.JXi< L3/L8 ) 
11819 S3( 1 >-1888tt..*l.~e 
11828"'PRIHT S3< 1 ),E2< 1 ),l,L2,L1 
11848 IF U<S3< 1) 1lEN u-sJ( 1) 
11868 HE)(T 1 
11988 PRINT -M)( STRESS : "U 
12888 PRIHT -ENTER f1AX. STRESS l.EUEL FOR SCAlM .i'IHPUT U 

• 

12188 REM ~_. -~------~----~~~-~~-~~--~~-~~--~----~----------
12298 ~ PLOT TRUE STRESS US. TRUE STRAIH 
12381 REM ----~-----~------~--~---~-~--~~--~~---~--------~-----------
12488 CHTR< 3 )'-CNTR( ")~( 1ee 1980,881 700 ) 
12S88 SCAL(8,e,EJaJU)~TR(2)~OT(9Je) 
12688 LABL( -TRUE STRAIH·· J "TRUE STRESS MH/M ..... 2", . l,50" 1 ) 
12788 LABL(" "," ", .ee/le/3)'CHTR(e)~OT(e/0) 
12888 PLOT(E,e)~OT(E)U)'PLOT(e,U)~OT(0)0)'CHTR(1) 
12988 CCJt9t( -SAtFLE 1"" . ~*EI . 96*U )'PRIHT H$ 
13888 cottk "', . ~*E 1 . 93*U )'COMM( H$ J 5*E,. 9*U ) 

, 

..... 
'-0 
I.C 
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13100 COMt~ Tf· ,5*E, 8;--*,U) ,CO~1f'1( Il S TRAn~ RATE Il ~,.tE., 83.tU J 

13200 PR IHT E 1 ',COf'~" Il '-SEC ". '3*E, 83.fU J ,Ctnr;~( 2 ; 
13300 PLOT\. 0 J 0 )',CHTPt. 0 ) 
13400 FOR 1,: 1 TO p,r'1AP'(f Il + Il ,E21 l '), C;:3( l ) )'. t4E:<T ! 
1 "!500 CI~TR~ 2 )',IHPUT F",CHTR( 3 ) 
1 ~';(tL) PR IHT "l·lH':> THE STRE~,S LEI..JEL o.~ '( ".' U~PUT JS 
137eO IF Jf',")'" THEtt 120(1ü 
l ::,3e~3 CHTR< 3.> 
13900 REM ---------------------------------------------------------------
14OC~O REM PLOT H~ITIHl VIELD PEGIOH 
14100 REt1 ----------------------------------------------------.------------
14200 PF?IHT "TO PLOT THE ItUTIAL ,,'IElD ~EGION HIT ~ • CR· " .' IHPUT CS 
t .. 300 PR 1 t n .. Et~TE~' t'1At: STPESS LE' 'El FOP '3CHl Il. 1 NPIJT U 
14400 PPIHT ItEHTER ~1H:~ STRAIH FOP SC Hl Il • IHf'UT ES 
14 ':.00 CHTR( 3 ) 
14500 CttTR<.0) ·PHYl( l00J 90û .. 80, 700 1 

147(1.) '3CAl.: 0) 0 .. ES. e ,U ,)',CNTR( 2 "'PU)T d31 0 '\ 
14800 L~lJ "T~ STRAIH". "TRUE STPE';S MU/~1,<:'1 E5,'5. U, 10.1 ) 
~49(aO LABL( Il Il,'' 1 •• E5,.,lO/U"50.3 ''-CHTR(0)',PLOTt 0.0) PLOTI (LU) 
15000 PLOT<E/U, PLOT( E/O)' PLOT(fjJO) ,CHTR< 1) 
15190 COfti<'" ItHTIHl 'fIELD PEGIOt~II. E5/2. 96.t1J 1 

15200 COt'I"Y "~LE * .. ·E5/2· 92t,-n'PPtt-n Nt, Ct~TR( 2 ) 
15300 PLOT( e} 0) . CNTr;·f 0.> 
1 ~400 FOP 1 = 1 TO P ..t1ARt'J .. +" . E2( 1 ). S"3( 1 ) ), t tE: ~T 1 
15500 CHTR' 2 )', n'PUT FJ',ctnR( 3 ,',c~n~( 1 ) 
15600 PRIHT "WAS TJ.E PlOT üt· ';'11. IHPUT Hf 
15790 IF H'< uyll THEN 14300 
l~aee REM -------------------------------.--------------------------------
15900 RE~1 PLOT TRUE STf;'AIt~ US T n1E 
16a00 REM ---------------------------------------------------------------
16198 VaT 
16280 CHTR( 3 )'CHTP< 0 ), PHYL( 100) 9ae ,.80, ('0(1 J 

16'300 SCAL( 0, e, T) al E )'CNTR( 2" PlOF, Û .lj 1 

16489 LA8l< "TlME"} "TRUE ST~AH~", T, .. tü, 1,1 1 

16500 CHTR( e )-...PLOT( e} 0 )' PLOT( T, 0 J ,PLOT( T . E ",PLOT, 0 . E ) 

IV 
o 
o 
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t 

16600 PLOT<0J0)'CNTR<.0)'A8-e 
16790 FOR I-t TO 100 
16800 AS-A8+U/ 1000'J1ARk( Il ", A8 ,E2< 1 ) )'t~EXT 1 
16900 FOR 1-101 TO P'AS-AS+9*V/1000 
17000 t1ARt«". Il } ASI E2( 1 ) )'.HEXT 1 
17'100 CHTR( 1 )'COHM< "STRAIH-TIME" ~ . 6*T 1 96*E) 
1 ('200 Cotfwt< "SAf1PLE • Il. 6*T, 92*E )',PRIHT H' 

~ 

1?300 REM --~--------------------------------------------~---------------17400 REM PLOT LOAO US. TI ME 
17599 REM -----------------~---------------------------------------------
17688 CHTR< Z ), ItfVr F$'CHTR< 3 )'CHTR< 1 ) 
17798 PRIHT -ENTER ESTlHATED LOAO L.Eœ.. IH LB FOR SCAt-".; 'IHPUT F 
17889 CHTR(3)~e)~(lee,988,ee,78e) 
17989 SCAL(e,B,T,e,F)'~2)~OT(e,8) 
18888 LABL("TI~","LOAD",T/le,F/28,l) 
18199 CNTR<e)~OT(e,e)~OT(T/e)~OT(e,8) 
18288 PLOT(',F)~OT(8,8) 
18388 CHTR< 8 )~-e 
1&488 FOR 1-1 TO 188 
1~ AS ne.U/l"~3< I)IIMS(P( 1 ):vt<1 
18688 ~( Il • Il, AS, P3( 1 »'-HE)(T 1 
18788 Fœ J -181 TC P"*'AB+9*U/1888 
1 eeee P3< 1 >-teS< P< 1 ) )/1( l '-"ARk( ..... , AS, P3< 1 ) )'HEXT 1 
18988 CHTR< 1 )'\COI'K "LORD-TIfIE H,. nT J • 9AF ) 
19888 CtMtC .. ~ F1.E • Il 1 • nT, . 92*F )'PRIHT Nt 
1'188 CHTR<2)'1t.pUT F.~R< J)~R( 1 ) 
19288 PRIHT -WAS nE lOAD lEUEl RICiHT 1" j 'If'FUT W$ 
19388 IF wt<-V" 1lEH GO TO 17780 
1~ CHTR(3) 
19588 STOP 
19688 REM --~-~---~~------~-~-~-----~--------~-----------------------~---
19781 ~ RECALL PREUIOUS TEST DATA FOR PLOTTIHG 
19888 ~ -~--~--------------~------~------------------~----------------
19988 CPEH .. ex 1 1 TEST Il I.HS FOR 1 HPUT AS FILE Il 
28881 A 1 ~ PI 11 el ES ) 

IV 
..:J 
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APPENDIX II 

Effect of Mach~ne Curves on Exper_lmentally 

Determlned Fi'M 'J rves 

. -, 

speCImen. 

l t () n : .' '.1 e i: } r m ''*'1 .1 1 l '... l 'j! ~ '/ 

modu1us • " 

the tube. 

t ha t t ht! '" l j S t 1 

compre s<, lU:-

hlgh, ln terms 

" , 
1...... Nt") .. ~ ) S • , the 

\ r .. t.."1o r .. j t- l Nltrnn 

Bec-ll1 St' 

1 l' , , - î 

t he 'Ir.L sotropy 

of Younq's 'Tloc1ul'Js, >-he slufJc ()f the iIJadln,< "urve varles 

1011 th sfJec lffien \)t len ta t 1.0n" FIgure A-l shuws the fll;w ,,"urve 

for an aXIal sp~Clmen tested at room temperature and 3 

-1 -1 straln rate of 10 s as abtained after the experlment; 

It can be seen that the inItIal slope 1S not very hlgh. 

It was therefore declded that a correctIon should be made 

for the effect of machlne compllance; thlS term refers to 

the elastlc deformdtlon undergone by the test~ng system as 

a result of Its reactlon to the force appiled to the specI-

men. Any element ln the system, such as the loading frame, 
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( the tungsten compression tooling, the stainless steel 

extension rods, load cell, actuator, etc., contrlbutes to 

the compliance of the load traln. 

As mentloned ln Chapter 4, the crosshead or actuator 

veloclty ln the system utlllzed ta carry out thlS work is 

decreased exponentlally to allow for the decrease ln 

height of the speclmen. However, the actuator veloclty 15 

kept constant withln each segment created by the Hardware 

Segment Generator (WhlCh lS part of the processor lnter-

face) . Thus, at any glven lnstant wlthln a segment, the 

testing machlne applles a constant total dlsplacement rate; 

that 15, the sum of the elastlc dlsplacement of the specl-

men, the plastlc dlsplacement of the speclmen, and the 

( dlsplacement (Opposlte ln slgn) resuItlng from the elas-

tiClty of the testlng machlne lS held constant. Thus, 1.f 

the actuator veloclty )s v, then after a tlme lnterval "t 

the total dlsplacement of the actuator lS vAt and thlS must 

be equal ta the sum of the elastic displacements of the 

specimen and machlne and the plastlc dlsplacement of 

the speclmen during the same lnterval, 

vjt = 
K 
6F 6c·L 

+ '---
E 

(Al) 

where 6F = increase in applied force during lit 

K = elastic campI lance of the testing system 

lia :::: increase in stress on the speclmen durlng 6t 

( E = Young' s modulus of the specimen 
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~Ep = increase in true plastic strain during 6t 

L = 'instantaneous'height of the spec~men. 

Thus, solving for 6s p : 

vl',t 
L (A2) 

It 1s therefore eVldent that the plastic strain lncrement 

is affected by bath the e1astlc straln incrernent in the 

speclmen as weIl as the lncremental elastlc comp1iance 

of the test system. 

Figure A-2 shows a schematlc d1agram of the effect of 

machine complJance on the determlnatlon of the current 

helght of the speclmen. As can be seen, the posltlon of 

the speclmen!compress1on rod lnterface, WhlCh lS a measure 

of the specimen helght, lS determlned at the uppermost 

end of the loadlng traln by the LVDT connected ta the 

actuator. Thus, lf SIlS the inltla1 posltlon of the 

actuator ln mach1ne unlts (2047 m.u. = 10 mm) and ltS posi-

tlon after the lnterval 6t is S(l), aiso ln machine units, 

then the ram dlsplacement (ln mm) is glven by 

dr S(i) - S1 == 
K ~A3) 

where K (=2047/10) 15 a callbration factor for the LVDT 

that depends on the range in WhlCh the associated transducer 

condltloner is operated (range 4 ln the present case). 
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Note that dr is a nrtive quantity as i!.l (i)! > ;511 

and both are always negltlve during a compression test. 

This ram displacement lS equal to the lnstantaneous change 

in height of the speclrnen ~h, plus the small elast1c 

displacement due to the compl1ance of the system dm 

represented ln Fig. A-2 as the slngle contrlbutl0ns of the 

upper and lower anvl1s: 

dr = 6h + dm 

h ;::; ho + dr -dm 

(A4 ) 

(AS) 

where dm -depends on the load applled to the system. The 

functlonal relatl0nshlp between dm and the load was deter-

mined exper1rnentally for the testlng system. ThlS was 

carrled out by loadlng the system ln the absence of a specl-

men and selecting the load cell output signal as the 

controlled variable. Wlth the ald of the computer and uSlng 

the FGl(ARG 1) routine, lncreasing loads were applied to 

the system and the displacement was read out wlth the ald 

of a multimeter. The followlng relatl0nshlps were used to 
, 

obtaln the values of load and dlsplacement from the multi-

meter rea~ \ 

2047 machine units = -10 V = -10 mm 
(A6) 

2047 machlne units = -10 V = -100 KN 

Table A-2 and Fig. A-3 glve the results and the 

calibration curve obtained; it can be seen that the cali-
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bration curve is relatively linear, as rnay be expected 

for elastlc behaviour. Nevertheless, a second degree 

polynomlal was fltted to the experimental data and very 

good correlatlon was obtalned. The functlonal relatlonshlp 

between load and dlsplacement characterlzing the elastic 

compllance of the testlng system 15 glven by 

dm = 6.058962 x 10- 5 F2 - 0.0164243 F (A7) 

As mentioned earller, Eq. (A7) conflrms that the elastlc 

compllance of the testlng system lncreases as the load lS 

increased. Equatlon (AS) lndlcates that the lnstantaneous 

helght of the speclmen 15 larger than the value obtalned 

directly from the LVDT readlngs, i.e. h - ho + dr, so that 

the current area of cross-sectlon lS smaller than the value 

obtalned when the compllance lS neg1ected. Thus the 

corrected f10w curve shown ln Flg. A-1 lS dlsplaced to 

the left and the stress for a glven strain lS hlgher than 

in the uncorrected curve. ThlS lS a dlrect result of the 

underestlmation of the cross-section of the sample mentloned 

above. 

• 
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Table A-l. Young's Modu1us for Excel a110ï 

Direction Youngs 1 Modulus (GPa) 

Ax1a1 94.8 

Rad1al 94.6 

C1rcumferentia1 103.0 

Table A-2. Effect of 10ad on the elast1c 

comp11ance of the test1ng system 

Load (KN) D1splacemen:. (mm) 

2.33 .047 

4.33 .086 

6.89 .117 

9.19 .152 

11.5 .186 

13.82 .219 

16.02 .247 

18.33 .278 

20.67 .307 

22.98 .337 

27.54 .396 

32.15 .454 

36.71 .51 

41.36 .568 

45.93 .623 

210. 
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