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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 textupe 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 axes paral-
lel to the radial and tangential directions was found to
be 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
témperatures. The axial specim?ns displayed a completely
different Lehaviour. After an initially decreasing 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 valyes similar to those of the tangen-
tial specimens and reﬁained constant until fracture
occurred. A strong strength differential effect was
found in the axial specimens tested in tension and com-
pression at 298 K and 1074571,

As the temperature was increased above 1000 K, the
anisotropic mechanical behaviour of the material 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 was
for the flow stress to increase with an increase in the
fraction of basal poles garallel to the stress axis and
with an increase in strain rate. The effect of tempera-
ture was represented in the form of ¢(T) curves as a func-
tion of specimen orientation, true strain rate and true
strdin. The behaviour for any particular set of conditions
tested consisted of an initially slow decrease of the
flow stress with increa;e in temperature (T 5 700 K) and
then, for higher temperatures, the flow stress decreased
rapidly with increase in temperature.

The general deformation behaviour of the alloy is
discussed in terms of the possible deformation mechanisms
operating under the various experimental conditions and
also with respect to the evolution of the texture caused

by the operation of deformation modes such as twinning.
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- RESUME
\ bl

L'anisotropie de la déformation plastique de
l'alliage EXCEL (2r-3.8% Sn - 0.8% Mo - 0.8% Nb en poids)
a &té &tudi&e au moyen de tests de compression 3 vitesse
de déformation vraie constante. Les &chantillons ont
&té préparés 3 partir d'un tube de force CANDU &tiré 2
froid et recuit, qui présentait une texture cristallo-
graphique (0002) treées forte dans le plan radial-tangen-
tiel. Les é&chantillons &taient orient&s suivant les
trois directions principales d'anisotropie du tube,
c'est-a-dire les diréctions axiale, tangentielle et
radiale et la contrainte d'&coulement a &t& d&terminée
en fonction de 1l'orientation de 1'é&chantillon, de 1la
déformation vraie et de la vitesse de déformation pour
des tempé&ratures variant entre'295 et 1200 K.

L'8volution de la déformation plastique des &chan-
tillons d'axes parall®les aux directions radiale et t;n-
gentielle s'est avérfe étre similaire. Le taux d'&crouis-
sage est le plus &levé pour les &prouvettes tangentielles
et décroit avec la déformation jusqu'3d rupture par ci-
salllement localisé aux températures inférieures 3 900 K
ou apparition d'un adoucissement aux températures plus

élevées. Les &prouvettes axiales ont un comportement



totalement différent. Il y'a d'abord diminution du taux
d'écrouissage, puis l'on observe un ré&gime de faible
taux d'écrouissage jusqu'd une d&€formation d'environ (.98,
Ensuite 1le taux d'é&crouissage augmente jusqu'd des
valeurs comparables 3 celles des é&chantillons tangentiels
et reste constant jusqu'a la rupture. Une différence
trés importante de contrainte d'écoulement a &t& observée
pour les &chantillong axiaux sollicités en traction et
compression & 295 K et 10 4s7L.

“ Lorsque la température augmente au desous de 1000 K,
le comportement mécanique du maté&riau devient de moins
en moins anisotrope; 3 1200 K, les courbes d'é&coulement
p;ésentent un crochet de traction trés a}gu et des
observations au microscope optique révadlent 1l'appari-
tion de précipités.

La tendance gé&néralement observée est donc la sui-
vante: la contrainte d'&coulement augmente avec la frac-
tion de pdles (0002) paralledles A l'axe de contrainte et
avec la vitesse de dé&formation. L'influence de la tempé-
rature a &té représentée par des courbes o(T) en fonction
de l'orientation de 1l'é&chantillon, de la déformation vraie
et de la vitesse de déformation. Dans tous les cas, le

comportement observé lorsque la température augmente con-

siste en une diminution lente de la contrainte d'é&coulement



(ks (pour T S 700 K) suivie d'une décroissance trés rapide

aux égmpératures plus élevées.

’ Le comportement de l'alliage est discuté& de fagon
générale 3 partir des m&canismes de d&formation interve-
nant dans différentes conditions exp&rimentales et ainsi‘
qu'en fonction de 1'évolution de la t;xture provoquée

par les différents modes de dé&formation tels que le

maclage.
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RESUMEN

Este trabajo fué enfocado al estudio de la aniso-
tropia de las propiedades mécanicas de la aleacion EXCEL
(Zr-3.8% Sn-0.8% Mo-0.8% Nb). La investigacion fué
realizada par medio de pruebas de compresion a velocidad
de deformacion verdadera constante. Los especimenes de
prueba fueron maquinados a partir de un tubo de presidn
CANDU, ‘el cual habia sido estirado en frio y recocido
a 1013 K. La textura cristalografica del tubo consistio
basicamente de polos (0002) orientados en el plano radial-
tangencial, exhibiendo un maximo en la direccion paralela
a la direccidén tangencial. Los especimenes fueron or;en-
tados en el tubo de tal forma de que sus ejes fueran
paralelos a las tres direcciones principales de anisotro-
pia, esto e;, las direcciones tangencial, radial y axial;
de esta forma, el esfuerzo de fluencia fué determinado en
funcidn de la orientacidn de los specimenes, la deforma-
cién logaritmica y la velocidad de deformacidn en el
rango de temperaturas 295-1200 K.

El comportamiento bajo deformacion de los espec{menes
con ejes paralelos a las direcciones radial y tangencial

fué semejante. Los especimenes tangenciales exhibieron

la mayor velocidad de endurecimiento por deformacion al
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inicio de los experimentos. Esta velocidad disminuyo
con aumento en la deformacidén hast3d que inestabilidad

debido a la formacidén y ablandamiento de bandas de corte
%

.localizado produjo la fractura de los especimenes ensaya-

dos a temperaturas menores de 900 K; a tempuraturas

mids altas la occurrencia de procesos de recuperacion
din&mica y/o procesos debidos a la evolucidén de la tex-
tura produjo ablandamiento del material a medida que la
deformacién plastica era aumentada. Los especimenes
axiales se comportaron de manera diferente. Al inicio

de la deformacion la velocidad de endurecimiento dismi-
nuyo a medida que la deformacién 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 extendid hasta deforma-
ciones verdaderas del orden de 8-10%. Despues de esto,

la velocidad de endurecimiento aumentd é valores similares
a los observados en especimenes tangenciales para deSpués
mantenerse constante hasta que los especimenes fallaban
en la misma forma que los tanéenciales. Otro fenomeno
interesante encontrado en la deformacion de muestras
axiales fue el hecho que mostraron diferente comporta-
miento, similar a los especimenes tangenciales, cuando
fueron ensayadas en tension a 298 Ky ¢ = 10-45'1, dan&o -

lugar a un fenomeno denominado Diferencial de Resistencia.
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A medida que la temperatura era aumentada por arriba
de 1000 K, gf*comportamiento anisotropico del material
disminuydé considerablemente y a 1200 K las curvas de .
deformacidn exhibieron picos de esfuerzo de flujo y
microscopia Optica mostrS 1la pﬂasenéia de precipitados.

‘La tendencia general observada fueé que el esfuerzo
de flujo disminuia con el aumento en la fraccién de . *

polos de planos basales orientados paralelos al eje de

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

macién. El effecto de la temperatura fue representado

en la forma de curvas o (T) como una funcién de la orienta-

cién de los especimenes, la velocidad de deformacidn y la

deformacidn pléética vgrdadera. El comportamiento para

un conjunto dado de condiciones experimentales consistid

inicialmente, T s 700 K, de una disminugidon lenta del

esfuerzo de flujo con el aumento en temperatura, mientras

que a temperaturas mas altas el esfuerzo requerido para

causar deformacion plastica en el matérial disminuyd

rapidamente.

El comportamiento mecdnico de la aleacidn fué inter-

.»pretado y éiscutido en funcidn de los ;ecanismos de defor-

macion que pueden operar bajo las diferentes cdﬁdiciong;

experimentales estudiadas asi como con respecto a la

posible evolucidn de la textura debida a la operacidn de

. modos de deformacion tales como maclado.
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CHAPTER 1

INTRODUCTION

3

0 The CANada Deuterium Uranium Pressurized Heavy Water
(CANDU-PHW) reactors use natural uranium as fuel and
heavy water as both coolant and moderator. , The pressure

; vessels for the heavy water coolant are pressure tubes

fabricated from zirconium alloys. At the present time,
the standard pressure tube alloys are Zircaloy-2 and Zr-
2.5 wt% Nb. These two alloys have performed very satis-
facforily during operation and the limiting factors in
(.} their service lives are predicted to be axial elongation,
~ diametral expansion, and sag due to irradiation-enhanced
@ L creep and irradiation-induced growth.

“ The present study deals with the anisotropy of mecha-
nical properties of a new zirconium alloy 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 prog-
ram aimed at developing zirconium alloys with at least
the same strength and neutron economy as Zr-ilb alloys but

. having better in-reactor dimensional stability.

-




The anisotropy of mechanical properties of zirconium
and its alloys has been studied extensively during the past
20 years and has been explained in terms of the different
deformation mechanisms which operate depending op the
stress state, strain rate, and temperature of deformation.
It is also now well recognized that this anisotropy is the
result 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
betwe;n the crystallographiq texture and the resulting ani-
sotropy of mechanical properties. For example, it is
well known that the burst streng£h (biaxial loading) of
Zircaloy fuel cladding is always larger than tﬁe tensile
strength (uniaxial loading). Thus adequate control of the
texture, e.g. with the ¢ poles oriented in the radial-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 ;he incorpora- i

_tion of the so-called Strength Differential 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 calculated on the basis of

-y
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isotropic behaviour. Up to the present, the most complete
invéstigation regarding the effects of texture on the
mechanical behaviour of zirconium alloys at room tempera-
ture as well as at Light Water Reactor operating tempera-
tures (573-673 K) has been carried out by Ballinger.* He

found that the mechanical behaviour of Zircaloy-2 is a

strong function of stress state, temperature, and the basal

‘pole distribution with respect to the stress axis.

The aim of the present work was to produce quantita-
tive information related to the anisotropic behaviour of
Excel alloy pressure tube specimens. These were prepared
with axes along three different orientations in the tube,

namely the axial, tangential, and radial directions; the

samples were deformed by means of consEant true strain

rate  compression testing. The test program involved the
evaluation of flow data in the temperature range 295-1200 K
at 10”4 and 1071s™!; and for the special case of axial
specimens the effect of the stress state (tension vs. com-
pression) on the deformation behaviour was also investigated
at room temperature. This test program was also designed

to provide data for assessing the probable deformation of

Excel pressure tubes over the temperature range for Loss

of Coolant Accident (LOCA) simulations in CANDU-PHW reactors.

* The complete reference is given in the literature review.




The final objectives of the present work ;ere ({) 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 some of the metallur-
gical factors involved in the fabrication and design of
pressure tubes, particularly those associated with the

development potential of zirconium alloys.
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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 c/a ratio of 1.593.(1)

Although at tempera-
tures above 1138 K zirconium suffers an allotropic transfor-
mation from the HCP structure to a body centred cubic (BCC)
structure, the deformation characteristics reviewed in this
chapter correspond to those of HCP zirconium as this structure
has greater technological relevance. Some of the physical
properties of zirconium can be seen in perspective if the
metal is considered within the context of the eighteen
elemental HCP metals (see Table I(l),. The theoretical
strength of a solid is directly proportional to its cohegive
energy, AHZ . From Table I, it ;an be seen that the transi-
tion metals (Ti, Co, 2r, Tc, Ru, Hf, Re, and Os) have cohe-
sive energies greater than 418 KJ/g-at. and consequently all
of them have high melting points and are strong metals. On
the other hand, it should be noted that as the number of d
electrons increases in the transition metal series, the
lattice parameter, a, decreases, and the density, p, cohesive

energy and elastic bulk modulus all increase. Thus, it is

apparent that zirconium with the smallest number of d
L



Table I. Physical properties of hcp metals (Ref} 1)

c/a = axial ratio, a = lattice parametér, p = density,

Tm = melting temperature, Tt = transformation tempera-

o
ture, AH, = Cohesive Enerqgy, y = Surface Energy. {

Metal* c/a  a, nm  p, g/cc  T_(T,),°C AW, ki/g-at. Y(T) ,3/m?
Be(d)  1.568  0.229 1.85 1290 (1250) 322 1.30
Mg(l2) 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(2l) 1.592  0.331 2.99 1539 332 > 1.50
Ti(22) 1.588  0.295 4.54 1668 (882). 465 1.75
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
2r(40) 1.593  0.323 6.45 1852 (865) 604 1.69
Tc(43) 1.605 0.274 11.49 2140 631 »~ 2.15

. ...cont'd



Table I -- cont'd

Metal c/a ‘a, nm p, g/cc Tn(Tt),‘C AH:, kJ/g-at. y(Tm),J/-z
Ru(44) 1.583 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
0s(76) 1.579 0.273 22.50 3000 777 , 2.95
Gd(64) 1.591 0.363 7.90 1312 3713

Dy(66). 1.574 0.359 8.54 1407 278

Er(68) 1.570 0.356 9.05 1497 393

*. The number in parentheses is the atomic number of each element.

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

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 going to be formed. The problem of
the ductile vs. brittle response of crystals requires
knowledge of their workability in addition to their frac-
ture strength. Pugh(z) introduced the gquotient of elastic
bulk modulus to shear modulus, K/G, as an indication of the
extent of plasticity inherent in a pure metal (see Table

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

II)
associated with ductility and a low value with brittleness.
Although the ductility is also affected by the grain size,
temperature, and strain rate, as well as by the presence
of inclusions and second phases, it is evident from Table
II(l) that "low" values of K/G are associated with poor
and fair ductilities (15% elongation or lesg) 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
whose dislocations have wide cores (i.e. relatively high
values of Poisson's ratio, v) and small values of the para-
metar Gb/y (Gb/y s 7.5 to 10) are ductile while crystals
with narrow cored dislocations (i.e. low values of v) and

large values of Gb/y are brittle. Here G is the shear modu-

lus of the crystal, b is the Burgers vector of the disloca-




O

Table II. Elastic properties and ductility of
hcp metals (Ref. 1). K = elastic
modulus, G = shear modulus, b = Burgers
vector, y = Surface Enerqgy,
text for the definition of the para-
meter Gb/y.

Metal c/a K/G Ductility Gb/Yy
cd 1.886 2.21 Fair 10.24
Zn 1.856 1.73 Poor 11.73
Mg 1.624 2.03 Fair 8.10
Co 1.623 2.31 Fair 9.27
Re 1.615 2.05 Fair 15.73
Tl 1.599 6.52 Good
2r 1.593 2.65 Good 6.90
Sc 1.592 1.94 9.27
Ti 1.588 2.47 Good 7.31
Ru 1.583 1.63 Poor 19.45
HEf 1.581 1.95 Good 9.1
Os 1.579 Poor
Y 1.572 1.63 Fair 11.59
8e 1.568 0.74 ‘Poor 26.12

~
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tions and y is the true surface energy of the crack plane
determined as the energy necessaf} to break the bonds at
the crack tip. Dislocations with large core widths$ are
considered to be more mobile, ézzing rise to easy plastic
flow. As can be seen from Table 1I, the correlation bet-
ween low values of Gb/y and good ductility is not as good
as in 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

general 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 2r is
limited. The two most likely Burgers vectors in the HCP
crystal structure are <a> and <¢ + a> and the possible slip
systems are shown in Fig. 1. The independent modes of

8lip in HCP crystals were analysed by Grooves and Kelly(7)
and are listed in Table III. The two most common types
of slip system , 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 slig‘
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Basal, prismatic and pyramidal slip systems

with <a> Burgers vectors and four nossible

pyramidal slip planes with <«C+a> Burgers

vectors.
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Table III. Independent modes of defor-

mation in hcp crystals

12,

| RSP

? Number of ™
Crystallographic Indepen-
Direction Mode Elements dent Modes
‘Basal Slip (0002) <1120> 2
a Prismatic Slip {li00}<1150> ’ 2
‘Pyramidal Slip {1102}<1120> 4
. P '..’“
Pyramidal Slip {hkif}*<1123> 5
c + a
Twinning {Ry}em >t 0-5

*See Fig. 1

+See Table IV



13.

L4

systems. ?hus, when cross-slip is taking élace between
basal, prismatic and pyramidal planes and only <a> Burgers
vectors are involved, there are still only four indepen-
dent modes of deformation . By contrast, when a slip

-+ 3
system with a <& + a> Burgers vector is operative, it pro-

.

vides five independent modes, which alO?ﬁ/é?é sufficient

to fulfill the wvon Mises criterion.M'6

Kocks and Westlake(g)

have shown that ductility in
polycrystalline hexagonal materials may not in fact re-
quire five independent slip systems, because the internal
stresses set up at grain boundaries when the inelastic
strains are not compatible can be relieved by localized
deforﬁat{on by twinning. By considering grain interactions
without requiring the .strain rate to be the same in each

(10,11) concluded that the overall inelas-

grain, Hutchinson
tic deformation of a polycrystal is possible with only four
linearly independent slip sy§tems, i.e. without the neces- .
sity of <G + a> pyramidal slip. .
As will be‘discussed later, the <C +a> slip system has not
been observed experimentally in pure zirconigm deformed at
temperatures bélow 573 K, so that the good ductility of 2zr
at room tempeéature cannot be explained iﬂ terms of the
relative ease of this type of glide. Instead, other defor-
mation mechanisms, such as twinning and kinking, must operate
during the plastic straining of Zr in order to permit frac- '
ture free deformation. Table IV lists the twins observed ‘

<

4‘_0




{1012}
{1121}
{1122)
{1011}

<1011>
<1126>
<11;§>
<1012>

Table 1IV.

{1012}
{0002}
{1124)
{1013}

Lﬁ
Twinning elements in zirconium and zirconium
alloys. See Fig. 2 for the definitions of
the twinning elements kl, ny. kz, Ny
ts is given by ts = 2 cot 0.
Experimentally Stress State Theoretical
Determined Normal to Twinning Shear
Twinning Shear {0002}
- e 2
<1011> 0.167 TENSILE 4Y°=3)/y/3
<1120> 0.630 TENSILE 1/y
<2243> 0.225 COMPRESSIVE 2 (v2-2) 3y
<3032> 0.104 COMPRESSIVE (4v2-9) /4y/3

.'T:



Figure 2. Crystallographic elements of twinning. The
" unit cell is defined by ny» the shear direc-

tion; nj, the direction of intersection of

the plane of shear (defined by the twinning
plane, K;, and the shear direction) with the
second undistorted plane K,; and the plané of

- shear, S. It is homogeneously sheared into the
unit cell in the twin defined by nyv n} and
S. K'Z and "3 are the second undistorted

~

. plane and the direction of intersection of

the plane of shear with KZ after the twin-"
ning operation has occurred.

1

1%
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in_zirconium and zirconium alloys while Fig. 2 shows the
pertinent elements in the twinning operation.’

In the sections that follow, the available evidence
about the deformation mechanisms operating in Zr and its
alloys-is reviewed with the objective of providing some
understanding of the mechanical behaviour of this impor-

tant material.

2.1 Single Crystal Deformation

The first detailed determination of the deformation

mechanisms operating in Zr was carried out by Rapper-

i
(12,13) 14 his study zirconium crystals and large

P

wrt.

grained samples with a wide distribution of crystal orien-
tations were tested in tension and compression at room tem-
perature. The only slip system observed Qas the {1010}
<ll§0>, with an average critical resolved shear stress
(CRSS) in compression of 6.37 MPa. No basal slip was ob-
served ‘'in any of the crystals tested, even for crystals in
which the resolved shear stress on the (0002) basal plane,
in a <1150> direction, was up to nine times greater than
the resolved shear stress on the prism slip systems.
Twinning was found to occur on four different planes,
{1012}, {1121}, {1122}, and {1123}. The most® frequently
observed twinning plane was the {1151} and then the {IOIZ}:

the {1152} and {1153} were the least frequent. The theore-
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tical twinning shear g (see Table 1IV), due to the most
commonly observed twin system in a given HCP metal, is
plotted as a function of the axial ratio vy= c¢c/a in Fig.
3. In this figure a twin mode showing a positive slope

causes contraction along the ¢ axis, and one showing a

negative slope causes extension; thus, for the case of zir-
coniunm, the {IOIZ} and {1121} twins are "tensile" twins,
whereas the {1152} twin is a "compression" twin. If Rapper-
port's 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 séecimen is deformed in tension or {1152} twinning
if the specimen is loaded in compression. {1123} twins
were 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-

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

ley.
operate within the temperature range 77 - 1075 K was of the
{10I0}<1150> type with a CRSS in tension ranging from 9.8
MPa at 77 K to 0.196 MPa at 1075 K. As in the previous
work, no basal slip ‘could be detected even for crystals
oriented in such a way that the ratio of the maximum shear
stress on the basal plane with respect to that on the prism

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

generally oriented at an angle of from 50 to 80 degrees from
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Figure 3. Variation of the twinning shear g with the axial
ratio (c/a). A dot indicates that the twin mode
is in an active mode for the metal.
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Figure 4. Schematic plot of relative 'frequency' or
"activity" of twin families vs. deformation
temperature for zirconium.
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a

the basal pole and, as can be seen in Fig. 4,(14) the
most frequently found twin at all temperatures was of the
{1121} type with {1012}, {1122}, and {1123} appearing in
deéreasing order of importance. {1153} twins were seldom
found at all temperatures and when found, they were loca-
lized at positions where the stress state was complex, i.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 {1121}.

Westlake(ls) has used the dislocation theory of twin-

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

ning
process in zirconium. These models suggest that a twinning
dislocation could be produced by the interaction of minor
‘dislocations in the case of {}0I2} twinning, or by the
interaction of a minor and a major dislocation in the case
of {1122} twinning. These interactions might occur at
dislocation pile-ups formed as a result of prior slip.
Rapperport and Hartley(l‘) found that {1012} and {1120}
‘twins were only formed after severe deformation by slip had
occurred. In the case of {1121) twinning, the model
becomes quite complicated and it remains uncertain whether
a dislocation m?chanism can %e feasible for this particular
twinning mode. Perhaps one of the most important outcomes

of the model is that the microscopic applied stress cannot

be a measure of the nucleation stress and therefore it
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{1012} TENSILE TWINNING

(0002)
’ f

Figure 5. Commonly observed twinning systems in zirconium.
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does not appear as though there is a critical resolved

shear stress for twinning.

(18) studied the effect of

Akhtar and Teghtsoonian
crystal orientation, temperature and strain rate on the
work hardening parameters of Zr single crystals. They
found that, at 78 K, when the angle XB between the basal
plane and the stress axis was less than 35 degrees, the
onset of plastic flow occurred by prismatic slip and the
CRSS was independent of initial orientation. However, at
Xg greater than 35 degrees, plastic flow first occurred by
twinning and load drops were observed. Also, with increa-
sing Xg {(>35 degrees), twinning occurred at smaller fractions
of the CRSS for prismatic slip. An interesting result was
that for orientations favourable for slip, the stress-strain
curve showed three stages of work hardening similar to those
found in face centred cubic (FCC) single crystals. These
stages were associated with primary prismatic slip and
conjugate slip for stages I and II respectively, while
dynamic recovery in stage II1 was 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 prism
to the basal plane has also been observed by Martin and

1(19) (20)

Reed-Hil At 295 K, similar ori-

and by Westlake.
entation effects were observed, and although no explanation
was provided for the transition from twinning to slip, it

was observed again with a transition angle of 45 degrees.
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In this study, although a wide range of orientations
was tested, no basal slip could be detected.

(21) carried out tensile tests on zirconium

Akhtar
single crystals with unfavourable orientations for pris-
matic slip over the temperature range 295-1113 K. He
found that basal slip did occur in crystals with appropri-
ate orientations at temperatures higher than 850 K; at
lower temperatures, plastic deformation occurred by prisma-
tic slip and twinning. The CRSS for prismatic and basal
s8lip 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 MPa at 1100 K.
What these results indicate is that, even though a small
amount of basal slip can occur at temperatures above 850 X,
prismatic slip continues to be the slip mode operative at
the lowest stress level. Akhtar suggests that basal slip
occurs by a mechanism in which cross-slip is preceded by
the recombination of partial disloca@ions on prism planes.

So far, no deformation mechanism except for {1122}
twinning can allow for the application of a negative strain
along the c-axis. However, another mechanism that could
accomplish this would be pyramidal slip with a <C + a>
type of Burgers vector. As will be discussed later, the
textures developed and their stability in rolled zirconium
cannot be explained in terms of prismatic slip alone, but

rather by a sequence of several complicated twinning opera-
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(22)

tions, or, alternatively, by the activation of a slip

system which can allow strain components perpendicular

(23) i.e. <& + a> slip. The operation

to the basal plane,
of <¢ + a> 8lip in zirconium single crystals has only been
observed under severely constrained deformation conditions

f(24) deformed 2Zr crystals

or at high temperatures. Tenckhof
at different temperatures under conditions which concen-
trated shear deformation along <1123> directions and he
found dislocations with 1/3 <1153> Burgers vectors, the fre-
quency of which increased as the temperature increased.
The slip planes for these <¢ + a> dislocatiéns were sugges-
ted to be of the {115i} and {1011} type, although no con-
clusive evidence was obtained. |

Akhtar(zs) 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 {1oi1} type, in
conjunction with <& + a> slip on {1011} planes, were
observed to initiate plastic flow at temperatures above
800 K. The CRSS for <C + a> slip was determined to be
approximately 10-20 times that required for prismatic slip.

7

. 2.2 Deformation of Polycrystalline Zirconium

The stress state required to activate the necessary

deformation systems to cause an arbitrary strain in poly-
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crystals varies from grain to grain because of differences
in their crystallogfaphic orientations. As a result of

this, residual stresses(ZG) are produced whose wavelengths
are of the order of the grain size. The presence of grain

boundaries thus iMfposes constraints which have significant

effects on the/operative deformation mechanisms. Because
of the internal stresses, the local stresses in certain
regions of the polycrystal may be several times higher than
the applied stress. All this, together with the compatibi-
lity principle mentioned eariier, 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 temperature and strain rate on stress rela-
xation, which can have a strong effect on the regimes over

(27) In addition, alloy-

which the twinning modes operate.
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

(28) he suggestéd that the excellent plasticity

Reed-Hill;
of polycrystalline zirconium is closely related to the
ease of mechanical twinning. He carried out tensile tests
on specimens machined from rolled zirconium plate with a

deformation texture consisting of basal planes parallel

to the rolling, direction with a [1010] direction in
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the rolling direction. The basal plane poles were concen-
trated in a narrow band centred about the norm&i 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 zirconium were essentially those observed
in single crystal deformation (Fig. 5). At room tempera-
ture and slow strain rates, the {10i2} twinning mode\predo-
minated in polycrystalline specimens so that deformation
occurred by {1oi2} twinning and {1010} prismatic slip.

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

stress, SS , resolved on the slip plaﬂe to the applied nor-

mal stress, Sn , is defined as:
Orientation Factor = SS/Sn = cos¢ cos) (2.1)

where ¢ and A are the angles bewteen the stress d®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 {1012} twinning as a
function of the angle between the stress axis and the hasal
plane pole; as can be ségn, when the stress axis approaches
the basal pole, the resolved shear stress on the prism
slip planes is low, and consequently the corresponding
stresses on the six {lbiZ} twinning planes become large.

As a result, {1012} twinning and {1010} slip may be regarded

A
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Figure 7. The orientation factors Ss/Sn = cosécos\ for

prismatic slip and {1012} twinning as a function
of the angle between the basal plane normal and
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as complementary deformation mechanisms with the number
of twinned and untwinned grains being approximately
'‘equal. Figure 8 shows that grains unfavourably oriented
for prism slip are likely u:support{loiz} or {1121} twin-
ning. {1151} twinning should be favoured in an intérmediate .
orientation range where orientation factors for boih prism
slip and {1012} twinning are low. It also seems clear that
{1152} 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 {1151}
twinning is favoured in the orientation range where the
st;ess axls makes an angie between 20 Ep 60 degrees with
the basal pole. At larger angles, the orientation factors
for prism slip and {1122} twinning alternate in relative
importance as one moves across the stereographic triangle
in a direction which makes a constant angle with the basal
plane pole (s&ch as along the small circle ;bc in Fig. 9).
Reed-Hill also found that a direct relationship bet-
ween voiume fraction twinned and total strain can be estab-
lishea reqardiess of the orientation of ‘the specimens
(see Fig. 10). This led him to conclude that twinning
constitutes an integral part of the deformation of an
aggregate of 2r grains of varying orientation and that the
flow sgress may be controlled by the ability of the metal
to twin. At lower temperatures and faster strain rates,

more twinning modes become active and the incidence of
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»

twinning increases, especially that of {1121} twinning

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

during rapid straining at 77 K, all twinning mechanisms
appeared to obey a resolved shear stress law and, at the
;ame time, the resolved shear stresses for all four mecha-
nisms apparently approached the same value. This indicates
that twin nucleation is a strongly stress dependent process.
It was also shown that a small pre-strain at 77 K to
nucleate {1151} twins followed by testing at room tempera-
ture increased the ductility of the material over a speci-
men deformed entirely at room temperature. This effect

was attributed to the relative ease of growth of twins

that were nucleated previously under conditions where high
stresses had to be imposed to cause plastic flow to occur.
Th;s also emphasized the importance of introducing other
modes of deformation in order to ensure plasticity.

It should be mentioned that although the {1012} and
{1151} (tensile) twinning modes were the most frequently '
found, {1152f (compressive) twins were also observed.

The latter retwinned extensiéely by both {1012} and {1121}
twinning. 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 material to favour prism

slip (see Fig. 5). Although no explanation for the pres-
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ence of the {1152} compressién twins in the tensile test
was put forward, their occurrence can be explained ih
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 exists the possibility for {1122}
twinning to occur. N
As the temperature was raised, an increased incidence
of kinking was reported, with well defined kink bands
being observed at 540 K. Thé 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 to a <1120> close-packed direction. This
was later confirmed by Martin and Reed-Hillflg) who also
suggested that this process was further evidence for the
occurrence of basal slip as a secondary slip system in
polycrystalline zirconidm deformed at high 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 compression specimens in grains where the
stress axis was aligned close to the basal pole. Kinking
is therefore another deformation mechanism which can lead

to height reduction along the c-axis.
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2.3 Deformation of Zirconium Alloys

Most of the research concerning deformation mecha-
nisms in zirconium alloys has been directed at identifi-
cation of the systems operating in an effort to explain
the observed fabrication textures as well as their forma-
tion and stability. Early work carried out by Reed-Hill
showed that the same mechanisms operated in Zircaloy-2
as in zirconium at room temperature. Concur;éptly,
Picklesimer(30)'described the highly anisotropic yielding
behaviour of textured Zircaloy and was the first to explain
this in terms of the relevant deformation mechanisms.

He found that the yield strength in compression for direc-
tions which required reduction parallel to the c-axis was
congiderably higher (in some cases by a factor of two) than
that for tension along the c-axis. He suggested that this
was an indication that the stress level for {1152} twinning
was considerably higher than that for {1012} 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.

(31) investigated the

For example, Jensen and Backofen
deformation and fracture behaviour of Zircaloy-4
and zirconium sheets with strong (0002) textures.
They employed plane strain compression at tempera-

tures from 298 K to 1000 K. They found that, below
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600 X, Zircaloy-4 accommodated compression along ({(0001)

by <E + ;> 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 <¢ + a> slip. This kind of deformation
behaviour, i.e. {1oi1} twinning and <C + a> slip, was

also observed in specimens deformed in uniaxial compres-
sion, which eliminated the constraint inherent in the plane
strain compression tests. It should be recalled that

<¢ + a> slip on a system of the form {1121}<1123> or
{10I1}<1153> was induced by Tenckhoff(24) using highly
constrained deformation in single crystals of zirconium.
Jensen and Backofen a%so observed that the flow stresses
in compression were considerably higher than in tension.

(32) carried out a study of the

Lucas and Bement
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 is thus affected

by the processing route of polycrystalline Zircaloy inasmuch

*Light Water Reactors




ORI T FIVSIN TIORME AT e s

Cr

34.

as the lattice rotations associated with cold work fabri-
cation processes align the (0002} poles along the symmetry
directions of product forms. They reported that these
strength differentials were of significant magnitude

even at temperatures exceeding 700 K.

Thus it seems that deformation along éhe c-axis can
be readily accomplished in zirconium alloy by <& + a>
slip, specifically on {10Il}<1153> slip systems, rather
than by twinning, and this conclusion is supported by the

1(33).concerninq the

recent results of MacEwen et a
Bauschinger effect in Zircaloy-2.

From the preceding discussion it seems clear that the
deformation mechanisms in zirconium and zirconium alloys’
depend in a complex way on the stress state, texture,
composition, temperature and strain rate. These factors,
taken together, make the mechanical behaviour of zirconium
and its alloys a highly anisotropic one. Despite these
complexities, these alloys are of great utility as engineer-
ing materials,'especially in the nuclear industry. Some of

the application aspects of these materials are dealt with

in the following chapter.
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CHAPTER 3
ZIRCONIUM ALLOYS FOR PRESSURE TUBES

3.1 Environment of Operation and Design

The most valuable nuclear property of zirconium which
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 unigue material for nuclear applications. The
physical properties of zirconium are given in Table V.

In the Canadian design of nuclear ractor (CANDU*), which

is based on the use of natural uranium, the reactor core
contains a complex lattice of zirconium alloy fuel channels.
Uranium oxide (Uoz) is used as the fuel; it is

clad in zirconium alloy tubes, and heavy water (DZO) is
employed as both moderator and coolant. The pressure

tubes in the reactor core are horizontally oriented to
facilitate on-power refuelling and are subjected to
operation at temperatures in the range 523 to 585 K with

a coolant pressure of 11.1 MPa and at a fast neutron flux

17 1

of approximately 3 x 10 » %.57L 1n addition, the pres-

sure tubes are subjected to a biaxial stress state produced

LAl
~*:ggngd£>be terium Uranium




Table V. Typical physical properties

37.

&

of zirconium

Atomic number

Atomic weight

Density at 300 K

Melting temperature

Transition temperature a-+f

Coefficient of thermal
expansion at 570 K

Specific heat at 300 K

Thermal conductivity at
300 K

Thermal neutron capture
cross-section
Electric resistivity

Young's modulus at 300 K

Poigsson's ratio at 300K
Lattice parameters at 300 K

hexagonal a

body centered cubic B8

1

40

91.2

6.5 mg/m3

2125 K (1850°C)

1135 K (862°C)

[1150] direction 6.3 x 10’6/K
[0001] direction 10.4 x 10°8/Kk
276 J/Kg.K '

20 W/m.K

microscopic 0.18 barn
macroscopic 0.008 cmz/cm3
0.44 ulm

[1120] direction 99GPa
[0001] direction 125 GPa

0.35

L 0.323 nm €y " 0.515 nm
a, = 0.359 nm
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by the pressure of the coolant and the weight of the fuel

bqules. The ratio of circumferential stress to axial
st?ess 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 désign stress are as follows:

o™

() o < 1/3 of UTS (ultimate tensile stress)

(2) 0 < 2/3 of YS (0.2% yield stress) . ,

(3) o < 60% of the stress estimated to give a rupture
life of 100,000 hours

(4) o < stress to give a creep rate of 10~/ h~t

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 11 shows the design curves for cold worked Zirca-

loy-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
is for 1/3 UTS which is therefore the liriting property for
design. Design curves for Zr -2.5 wt$ Nb alloys, another
alloy used as pressure tube material, are similar but,

as will be discussed later, the values for 1/3 UTS are

higher.
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3.2 Fabrication

a

Any alloy to be used as a preésure tube material must
have adequate neutron economy, satisfactory creep strength
and sufficient ductility under in-reactor conditions; it
ﬁust also resist corrosion by the reactor coolant. At
present, pressure tubes in the following alloys and

metallurgical conditions are being utilized in modern

quDU power reactors:

Alloy Metallurgical‘Condition
Zircaloy-2 (Ref. 44) Cold worked
Zr —2.% wts Nb (Ref. 45) Quenched and aged
Zr -2.5 wt% Nb (Ref. 36) Cold worked

“~

The mechanical properties of these alleys are given in
Table VI at 575 K, which is the general reference tempe-
rature for properties. The modern method of producing base
zirconium of appropriate quality for nuclear applications
leads to material which is almost free of inclusions, with

a maximum impurity content of 3400 ppm, ~1 at.s.
chemical composition specifications for Zr -2.5 wt% Nb
made from such ingots are given in Table VII.

The alloy ingots are subsequently preheated to 1250 K
and forged into rounq.bars using flat and rotary forges.

The bars are then machined into hollow billets suitable

for extrusion. To produce a more uniform microstsucture

- M 3 !
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Table VI. Pressure tube tensile properties at 565 K

Material Test 2 0.2% Yield Ultimate Elonga- Reduction
Strength Tensile tion in area
Strength () (2)
MPa kpsi MPa kpsi
Cold-worked LT 320 45 . 380 54 26 55
Zircaloy-2
T 350 50 370 52 23 54
Cold-worked LT 370 53 530 76 15 50
Zr-2.5 wtt Nb |
- ™ 540 | 570 81 23 54
Heat-treated LT 480 69 600 86 19 61

2r-2.5 wt% Nb
- T 670 95 690 98 12 50

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

s

*TH



Table VII. Chemical composition specifications

' for 2r-2.5 wt% Nb ingots

Alloying Elements

Niobium

Oxygen

2.40 to 2.80 wt#%

900 to 1300 ppm
5.2 to 7.4 x 10-1

Impurity Elements

ppm maximum (at.%)

Aluminum 75(2.5 x 10-2)
Boron 0.5wt% (4.2 x 10-4)
Cadmium 0.5wt% (2.1 x 10-5)
Carbon 270(2.1 x 1071
Chromium 200(3.5 x 10-2)
Cobalt 20(3.1 x 10-3)
Copper 0(7.2 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 1073)
Molybdenum 50(4.8 x 10-3)
Nickel 70(1.1 x 10~2)
Nitrogen 65(4.2 x 1072)
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)
Tungsten 100(4.9 x 10-3)
Uranium 3.5(1.3 x 10-4)
Vanadium 50(9 x 10-3)
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and to refine the grain size, either the forged bars or
the machined billets are beta quenched from 1290 K. - The
billets are Cu clad to prevent éxcessive oxidation.(35’
At 1200 Kk, the preheating temperature for extrusion,
Cu and Zr form a low-melting éoint eutectic and thin sheet
steel is used as a diffusion barrier between the zirconium
alloy and the copper. Another advantage of Cu cl;dding
is that it provides a surface that is receptive to lubri-
cants; this is important because zirconium alloys are
prone to galling.

In the case of cold worked Zircaloy-2 and Zr -2.5
wtt Nb, the extruded tubes are cold drawn in two passes,

‘each of approximately 12 to 15% reduction in area, at drawing

‘speeds of less than 25 mn-s~ 1. 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 hand, heat treated

2r -2.5 wtd Nb extrusions(as)

are water quenched from
1150 K, cold drawn in one step of approximately 12% reduc-

tion in area, and aged at 775 K for 24 hours.

3:3 Mechanical Properties

3.3.1 Effect .of heat treatment

Typical mechanical properties of 2ircaloy-2 and &r
-2.5 wt$ Nb alloy in various heat treated conditions are
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given in Table VIII. As can be seen, heat treatment of
fircaloy-2 does not improve the strength of the alloy.

The higher strength of quenched Zircaloy-2 as compared

to the slow cooled material is partially due to the finer
effective grain size of the Widnmanstitten structure pro-
duced. By contrast, Zr - 2.5 wt$% Nb in the 8- or (a + 8)-
quenched condition is much stronger than in any other
condition because of the presence of the martensitic
a'-phase. Aging this structure at 775 K has only a minor
effect on the strength of the alloy (see Fig. 12). This

is because:

(1) B-Nb precipitates, leading to an increase in
strength;

(1ii) there is concurrent recovery of a', resulting
in ala decrease in strength, and in a small

effect on the mechanical properties.

The effect of time at high temperatures is also shown
in Fig. 12. Here it can be seen that when the a' phase is
heated into the (a + B8)-phase region (870-1170 K), it
rapidly transforms to a (with little Nb in solid solution)
and B (enriched with Nb).‘ This results in a considerable

decrease in hardness and strength.




Table VIII.

Typicdl room temperature tensile properties of

Zircaloy-2 and 2r-2.5 Wtt Nb

tEl

0.2% Y.S UTs - SRA
Alloy Material Condition kpsi MPa kpsi MPa
slow-cooled from 1025K 48 330 72 500 22 40
(750 C)
slow cooled from 1275K 48 330 63 470 22 35
(1000 C)
fircaloy-2 water quenched from 1275K 68 470 84 580 16 50
(1000 C)
20% cold worked 80 550 85 590 30 45
40% cold worked 85 590 90 620 10 35
slow cooled from 1125K 50 350 74 510 28 48
(850 C)
slow cooled from 1275K 76 520 89 610 13 46
(1000 C)
gr-2.5 water quenched from 1275K 106 730 115 790 9 38
wts &b (1000 C)
water quenched from 1125K 109 750 120 820 14 60
(850 C)
20% cold worked 85 590 90 620 15 46
40% cold worked 90 620 100 690 13 50

°SY
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3.3.2 Effect of cold work

Cold work increases the strength of Zircaloy-2 and
2r -2.5 wtt Nb due to the increase in dislocation density.
Table VIII, as well as Figs. 13 and 14, show the effects

of cold work on the mechanical properties of the two

alloys.

3.3.3 Effect of grain size

Figure 15 shows the effect of grain size on the yield

“3’, As can be seen,

stress of hot worked Zr -2.5 wt$ Nb.
the latter can be increased to 520 MPa by decreasing the
grain size. The flow stress of zirconium alloys follows

the Petch equation:

o =0 + kd-l/2 {3.1)

where o is the flow stress, o, is the flow stxess of a
single crystal, k is the grain boundary strengthening

coefficient and d is the grain size.

-

3.3.4 Age hardening, recovery and recrystallization

Zirconium alloys used in the fabrication of pressure
tubes are usually stress relieved at 675 K after cold
drawving. At this temperature, any change in the strength
of the pressure 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

internal stresses and the crystallographic texture of the
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alloy. Figure 16 shows the width of the (0004) a-phase
diffraction peaks of cold worked Zr -2.5 wt% Nb., It is
readily seen that, at 575 K, recovery is very slow,
whileoat 775 and 875 K, there is rapid partial recovery
followed by changes at a much smaller rate. It is evident
that the higher the temperature, the greater the initial
recovery. In order to obtain full recovery in times less
than thousands of hours, it is required to heat the mate-
rial to temperatures above 875 K.

The rate of recovery is also increased by increasing
the amount of cold work (Fig. 17). Ells and Cheadle(42)
have shown that textures also affect recovery. Figure
18 shows the mechanical properties of 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
specimens hardened after heating in the range 575-775 K.
This increase in strength was partially attributed to a
Bauschinger effect which arises from the reversal 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 small amount
of age hardening which had a greater effect when deforma-
tion was initially by twinning rather than by slip. The
results for 40% cold rolled Zr -2.5 wt$ Nb were similar

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

o
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short transverse specimens was decreased below that of
the longitudinal and transverse specimens due to‘the
Baugchinger 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. All the specimens age
hardened in the temperature range 575-775 K and again the
effect was larger in specimens that initially deformed
by twinning.

Such age hagdening in Zr -2.5 wt$ Nb alloy has been

q(43)

attribute to the increase in strength of the Nb-rich

cubic B8-phase when w plates form within it. The u chen.
behaves as a fibre stfengthening 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 3-
phase is greater than the recovery of the a-phase and
there 1s 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 complete;
i.e. after many hours at 875 K or after a few minutes at

1075 K.
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(- 3.4 Metallurgical Properties of Zirconium Alloy

Pressure Tubes

In this section, the metallurgical properties of zir-
cénium alloyrpressure tubes yill\be discussed 1n terms of
i
the effects that operating conditions, such as neutron
‘ irradiation, impose on the performance and service life

of the pressure tubes.

3.4.1 Creep and growth

Irradiation cfeep arises from the application of an
external non-hydrostatic stress during irradiation. This
applied stress causes the evolving mlcrosfructure to lnéer-
act with the irradiation produced point defects 1n an ani-
( k ., sotropic way. Irradiation growth, on the other hand, only
. occurs 1n crystallographically anisotropic materials and
requires the response of the evolving microstructure to
be naturally anisotropic in the absence of applied stress.

The mechanisms by which irradiation creep occur have
‘ (46)

been extensively discussed by Bullough and Wood.

They conjectured four fundamental mechanisms:

a) Stress induced pgeferred absorption (SIPA) of
‘the point defects ‘on disiocations;

b) Stregs induced preferred nucleation (SIPN) of
point defects in planar aggregates (edge dislo- i

cation loops);

O . |

s s )
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c) Stress induced climb and glide (SICG) of the
dislocation network;

d) Stress i1nduced gas driven 1interstitial deposition

(SIGD) .

The phenomenon of neutron enhanced creep 1s the life-
limiting criterion for zirconium alloy pressure tubes.
Figure 11 shows the d?slén stress data for cold-worked
Zircaloy-2. As can be seen, for temperatures above 620 K,
creep strength becomes the limiting factor in the design
stress of the tubes.

The seconhary creep rate of pressure. tubes operating
over a range of conditions 1in CANDU-PHW and -BLW reactors

d(47,48)

has been correlate with neutfon'flux, temperature

and stress as follows:

° = - -25 ; . . - o
e, = K 10 Oy e (T 160°C) (3.2)

where ¢, = diametral creep rate, h™1

Q
]

diametral stress (60 - 200 MPa)

13

¢ = fast-neutron flux (from 10 to 3.5 x

13 —25-1

10 n-cm < 1 MeV) .

constant = 5,8 cold worked Zircaloy-2

- R
]

2.1 cold worked Zr -2.5 wt% Nb

3.2 heat’treated Zr -2.5 wt% Nb

In the conventional expression for creep at a given tem-
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perature,
t=c - o . tn-l (3%3)

uanr in-reactor conditions, at low stress, n is close to
1 for all the three materials. Hence such creep deforma-

tion is described as ‘superplasticol“ao‘9)

The tendency
to necking aAd flow localization is reduced and high
ductility is obtained. Also, the secondary creep rate
as described by Eq. (3.2) is ingependent of time, i.e. m
(Eq. 3.3) is 1. Considering that the equation only applies
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.(so)
As will be discussed later, zirconium alloys develop
very stropg crystallographic textures, which in the case
of extruded and drawn pressure tubes consist of grains
with basal poles in the circumferential and radial direc-
tion;. Results from biaxially stressed tubes have been

(52)

correlated with uniaxially stressed specimens with a

stress adjustment factor based on preferred slip on the

prism planes.- A continuum mechanics approach was also

d(53) to derive anisotropy constants for uniaxial and

(47,54)

use

biaxial loading. To satisfy boundary conditions,

the uniaxial transverse creep rate must be lower than

the longitudinal creep rate. ‘

i

From the above analysis it may be concluded that
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cold worked 2r -2.5 wt$ Nb has the best creep character-
istics and results show that the diametral strain of a
pressure tube fabricated from this alloy is likely to be

less than 3% after 40 years of sérvice.

3.4.2 Mechanical strength and ductility

The effect of neutron irradiation on the yield
strength and tensile strength of cold worked Zircaloy-2

and Zr ~2.5 wt% Nb was extensively studied by Langford(57)

and Ells and Fidleris.(54)

Table IX shows typical values
for uniaxial and biaxial strength for unirradiated and irra-
diated zirconium alloys. It is apparent that irradiation
increases both the uniaxial strength, either yield or
tensile, and the biaxial burst strength. Note that,

, typically, the biaxial strength is up to 15% higher than
the uniaxial tensile strength in isotropic materials because
plastic deformation is inhibited by the superimposed longi-
tudinal stress (= 0.5 hoop stress); however, in zirconium
alloys, the biaxial strength may be increased by up to

20% above the uniaxial strength because of the additional
influence of anisotropic deformation modes.

The reduction in ductility due to irradiation is also
shown in Table IX. The different behaviour of Zircaloy-2
comparéa with Zr -2.5 wt% Nb is also evident. Zircaloy-2
bulges considerably during the 575 K burst test, producing

high diametrical elongations, which are reduced after irra-

Bl s N ~ T e — - e - -

. w——— ——
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Table IX. Burst test properties of zirconium alloy pressure tubes at 565 K

0.2% Ylef! Strength Burst Strength Elonga- Reduction
Material * MPa kpsi MPa kpsi tion % in area %
cold-worked W 420 60.0 450 63.0 28 35
Zircaloy-2 I, 550 78.0 550 78.5 7.5 12-17
cold-worked U 530 75.0 600 85.0 3-7 30
Zr-2.5 wt% Nb I 770 110.0 780 111.0 1 15-17
heat treated 0] 650 92.0 770 109.0 2-5 20
Zr-2.5 wt¥ Nb I 101.2 114.0 1100 157.0 1 14

—— .

* U is unirradiated - I is irradiated
XSS

*6S
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diation. Benent(sa) has explained this behaviour as
follows. Irradiated cold worked Zircaloy-2, with a tex-
ture oriented for.(10i2) twinning in tension, i.e. the
circumferential direction in the tu%;, generally shows an
abrupt yield point in uniaxial tension tests at 575 K.
This is attributed to mobile dislocations sweeping channels
free of defects; 1.e., the moving dislocations absorb
defects and thus reduce the stress required to move the
disYocations that follow. The situation after yielding
is therefore unstable, since the stress to 1initiate plas:
tic flow exceeds the stress necessary to maintain the
flow. In the irradiated pressure tube under biaxial
stress, plastic flow can commence if a local stress concen-
tration (usually at the thinnest 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 problem.

In the case of 2r -2.5 wt% Nb pressure tubes, bulging
does ngt occur during the burst test, the circumferential
elongation is relatively low and irradiation reduces it

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

.

-
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greater restraints on deformation imposed by the higher
strenggh of this alloy.

The reduction in area at fracture in all the three
alloys (Table IX) remains relatively large after irradia-
tion. This is in part responsible for the very good flaw

tolerance of pressure tubes.

3.5 Fabrication Textures and their Influence on the

Mechanical Properties
&
To take full advantage of the anistropy of mechanical

properties exhibited 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 anisotropic mechanical
properties is in terms of the crystallographic texture of
the material. In this way, correlations between aniso-
tropy and fabrication practice, stress-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 history. Their results shOW3ﬁﬂ
that cold rolling produces a texture consisting of&b;sal
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 direction.
o
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Hot rolling below the recrystallization temperature did
not alter the final texture.

The texture formed by croess-rolling consisted of
basal planes in the rolling plane with <10I0> directions
located in one direction in the sheet (rolling or trans-
verse) and the <1120> directions located 1in the other.-/\\

Recrystallization of the cold rolled texture resulted
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 x-8 phase transforma-

tion, which has an orientation relationship(57)

(0001) ||
(110)8 , (lliO)aH(lll)B , is that, although a-recrystalli-
zation annealing rotates the texture in the basal plane,
the basal texture is not altered unless the material is
cycled through the a-8 traﬂsformation.

Textures in zirconium alloy tubes have been exten-

sively investigated}23'22157,58)

Most of this research
has shown that the textures produced in the fabrication of
tubing are d;pendent on the details of the fabrication pro-
cedures used, including types of equipment, extrusion
ratios, die angles, mandrel dimensions and angles, reduc-

tion per pass, number of passes between anneals, changes

in wall thickness vs. circumferential reduction in each
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\ -
operation, etc.

(60) carried out an extensive research

Picklesimer
program on the textures developed during tube forming ope-
rationss He pointed out the importance of prior processing
on tube textures and performed an analysis of the defor-
mation 1n various tube forming operations. Essentially,
he concluded that the textures developed by fabrication
methods other than rolling can be rationalized and esti-
mated from a knowledge of the rolling textures 1f an appro-
ximate plane strain condition exists during fabrication and
the plane of strain can be 1dentified. Figure 21 shows the
strain states and orientations of unit lattice cells, both
before and after deformation for rolling and .several tube
production processes.

The kind of analysis Picklesimer proposed can only be
carried out i1n terms of ideal orientations and, since tex-
ture formation also depends on prior processing, the results
are consequently only approximate. Nevertheless, this
concept is particularly useful when the textures can be
related to mechanical properties. This is done in terms
of the basal plane normal, which is the hard direction
in the HCP 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.

r
These idé&l orientations are the result of a simpli-
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Pigure 21.

Strain states for various types of
fabrication of zirconium alloy
pressure tubes.
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fication of £he observed textuées and in the case of zir-
conium alloy tubes the textures obsérved ébnsist of basal
poles concentrated in the radial direction (C, Fig. 22),
in the tangential direction (A, Fig. 22), in both direc-
tions, or in orientations within 40 degrees from the ‘
radial or tangential directions (CB and AB respectively,
Fig. 22). These are the commohly observed textures detec-
ted in cold worked pressure tubes. However, Cheaile and

(59)

Ells have shown that basal poles can also be found in

/
the axial direction or within 40 degrees from 1t in heat

—~

treated Zr -2.5 wt$ ﬁb, but not in Zircaloy-2 (D and DB,
Fig. 22). ©

Texture coefficients can be given to the idealised
orientations for the quantitative comparison of tubes. A
texture coefficient is the relative number of crystallogra-
phic planes paral to a given surface compared to the
number in a rando:ejzhple. The larger the value the more
intense 1s the texture and a texture coefficient of one
denotes random orientation. Table X gives 5\summany of
reported textures in tubes of zirconium, Zircaloy-2 and
Zr -2.5 wt$ Nb in'é;rms 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




N
)I Table X. A summary of reported textures of tubes

of zircalby;z, 2r-2.5 wti Nb and zirconium

Texture coefficients
A AB CB c DB D

Manufacturing method and material

as

as

as

as

as

as

as

as

as

extruded A/AB>C/CB .
extruded, plug drawn Zircaloy-2 A/AB>C/CB

extruded, zirconium and. Zircaloy-2’ A/AB>C/CB

extruded, cold drawn (NPD praauction) A/AB>C/CB

Zircaloy-2

extruded, and cold drawn 56.8% 4 - 3 3 - -
extruded, and cold swaged 74.7% Zircaloy=2 - - 3 - 4 - -
extruded, and cold drawn (NPD producti'qg ¥

zircaloy-2 _ \ 2.7 1.4 1.6 1.3 - -
extruded, Zr-2:5 wt% Nb ' 6.2 1.5 4.2 3.3 - -
extruded, 2r-2.5 wt% Nb - )

plus water quenched from 880°C, aged 500°C 3.3 0.7 0.7 - - 2.0

v/

...cont'd

*L9
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Table X--cont'd .
Manufacturing method and material - Texture coefficients
’ A AB CB C DB D
- haY

extruded and cold-drawn Zr-2.5 wt% Nb 1.3 1.5 3.7 2.11 - -
extruded and cold-drawn A/AB<C/CB
extruded and tube reduced "ercaléy-z ( A/ABAC/CB -

"extruded and cold drawn Zircaloy-2 7 A/AB~C/CB - -
extruded and cold drawn Zr-2.5 wt$% Nb A/AB>C/CB - -
extruded and cold drawn Zr 2.5 wt% Nb, plus

water quenghed 1000°C, aged 5 h at 500°C A/AB>C/CB D/DB > C/CB
extruded ' . 8 - 2 - - -
. extruded and tube reduced Zircaloy-2 L3 2. - 2 - -
- extruded and tube reduced o, ‘
) " plus cold drawn ’ 3 3 - - . -
- » ‘ .
a s ” | :
. extruded and”®cold drawn . . 2.4 .7 3.3 ° =
extruded and tube reduced Zircaloy-2 . 1. "5.0 -
- extruded and tube réguced ¥ . <2.4 1 . - -
B » “ ® >
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strain and basal poles predominantly in the direction of
gaiimum compressive strain; when a"plage strain™ condi-
tion can be identified in a given process, this leads to
possible textures which are analogous to those obtained in
rolling.

Many attempts have been made to explain khe 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 be explained in
terms of a sequence of tﬁinning operations involving at-

(22) A much simpler

(23)

least six different sets of twins.
explanation was suggested by Picklesimer, who assumed
that slip in 3}153> directions could occur. This direction
occurs on {1010}, {1011}, {1121}, and {1122} planes (see
Fig. 23) and cross slip should be possible betweeﬂ the
slip systems. These.slip systems would produce a strain
component perpendicular to the basal plane. No large
changes in basal pole orientations are required when these
slip systems operate, and the developed éexture should
remain essentially the same on further rolling.
Ballinger(zﬂ suggested lthat the 1ncorpor‘:ation of
<€ + a> slip into the deformation process would explain
the qpserved texture and stability of rolled plate by using
a single twipning operation, {1012}, *énd prismatic slip.
Essentially, he proposed that for an initially ran&om

texture and for reduction by uniaxial compression, the
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Figure 23. Possible slip planes for pyramidal slip
with a <ccta> $argers vector.
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operation of {10i2} twinning, which would oc;ur in®grains
with bai,l poles located within 45 degreés of the rolling
or transverse directions, would rotate the basal poles by
~85 degrees, ;esulting in a pole distribution which is
symmetrical about the plane rnormal and cut off at approxi-
mately 45 degrees to the rolling and transverse directions.
After this, initial deforﬁagion and the formation of the
initial texture, the operation of slip in the two systems
mentioned above acts to sharpen the texture. Prism slip
accounts for moséaof the large axial extensions in the
rolling direction and <¢ + a> slip would be responsible

for the through thickness reduction. The action of the
{}Qi0}<1150> systems is to reorient the basal plane into
tﬁe‘rolling diréction while rotating the <1010> directions
into the rolling directidh as well. This rotation to
<1010> in the rolling direction is the result of conjugate
slip on {1010}<1120> systems (the <1010> direction bisects
the angle between <1120> directions).

The angle between the {loil}‘planes and {0002} planes
is ~60 degrees and compressive strains on {101%}<11§g> sys-
tems rotate the slip plane such that it will approach the
normal to the compression axis. The two)slip éperations act
to distort the initially symmetric texture to the observed
final texture consisting of one with no basal poles ' in the
rolling direction and a spread of poles peaked in the normal

transverse plane at approximately 30-40 degrees to the

’

ry
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transverse direction.

The basal planes will be parallel to the rolling
plane with a <1010> direction in the rolling direction.

The large axial strains in the rolling direction tend to
eliminate any rotation of basal poles into the rolling
Mgirection through the {1011}<1123> slip operation.

The above model of texture formation afd stability
can be applied to tube forming operations if an appropriate
'plane'strain" condition can be identified in the fabrica-
tid; process. In additién, an equivalence must be estab-
lished between the radiél, axial and circumferential direc~ -
;ions in the tube and the normal, rolling and .transverse
directions in the plate respectively. However: tube fabri-
cation processes are more complicated than rolling, with
stress states which are much harder to define and with

superimposed shears and redundant deformations.

3.6 Development of Zirconium Alloys

One way of markedly improving the thermal efficiency
of water-based reactors is by raising the outlet coolant
temperature from 575 K to 675-725 K. This would produce a
higher efficiencg of energy conversion in turbinés fed with
superheated stegq. A second method involves the thermal
neutron. efficiency of the reactors, which can be improved

by decreasing the wall thickness bf the pressure tubeé.
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Hence there exists an incentive for the development of
zirconium base alloys for use ‘in heavy water reactors
designed to operate at higher coolant pressufes and - -
temperatures. Such investigations fall under the theme
of the development of high temperature creep resistant
alloys, although the behaviour of réactor alloys is of
course complicated Sy.neutron flux effects.

Wilcox(sl) has suggested an empirical relatgonship
which could take into account the factors that control the
tensile strength of refractory metal alloys at high tempe~-
ratures:

G =0+ f(%‘i) + f(]i‘%gl) + fﬂé -g%ﬁ + 0

o a SRO

+ £(Gbot?) + £(a 2 & £(0 V) (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 seé
that the high temperature (créep) strength, o, developed in.

a matrix of base strength c;'is promoted by:

.

(1) Small precipitate-spacing, A;

(2) High solution hardening due to the atomic misfit

parameter ]% %%]

-
'I

(3) An increase in shear modulus by alloying.
(Douglas(szr 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 ranéé order in the alloy,
and therefore in 9pro ¢
'(5) An increase in the stable dislocation density, o;
(6) A.small mean grain diameter, 4 (this effect
depends not only on d but also on the effective
grain boundary immobilization);

(7) Introduction of a significant volume, Vf, of fiber

rginfdrcement; Orye

*g('a\)

William carried out a very complete review of the
féctors mentioned above and the extent to which different
alloy elements can contribute to o in equation {3.4). Table
%I lists the characteristics of several alloying elements
which are attractive in terms of strengthening potential
and neutron absorption. These alloying elements contribute
to the last five terms of Eq. (3.4); furthermore, alloys
containing these elements can be strengthened by thermal
and mechanical processing techpiques. Alloys containing
B—stabilizing elements can be quenched from the E-phase

or high in the {a + B8)-phase field to produce a fine
twinned martensite structure which is supersaturated in
Bostab}lizing elements and has a very fine effective grain

size. This structure can be further hardened by aging to

precipitate the g-stabilizing elements.




Table XI. Possible alloying additions for

a-zirconium based alloyggfor

nuclear applications

Effect of 1 At% Effect of Strengthening

Addition Addition Mechanisnm
Element on Cross Section on Phase
Stability
Tin 1.7% )

) Stabilize Solution Streng-
Aluminum 1.8% HCP a-Phase then a-Phase
Lead - -0.4%

Molybdenum 13% Stabilize Solution Streng-

then f-Phase.
Precipitation
Strengthen a-Phase

BCC R-Phase
Niobium 6.6%

¢

Silicon -0.1% Very low Solution Streng-
Solubility thening
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The effects of combinations of these alloying elements

have been studied ﬂy Williams et al(ﬁs’ and Ibrahim et
al.(66)

L2

Aluminium\énd lead, althouéh effective a-solution
strengtheners, are very detrimental to the corrosion resis-
tance of a-2r in water. Silicon has very little effecgz
on the properties unless its concentration in the alloy
is large. It was found that Nb, Mo and Sn were the @Dst
promising alloying additions.

The present work deals with the anisotropic mechanical
behaviour of one of these alloys which was the result of
an 1nte3§e research program undertaken at Chalk River
Nuclear Laboratories,‘AECL, in 1969. This alloy was
designatéd 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 this alloy was specified as:

Element wtd Element
sSn 3.5
Mo 0.8
5 .
Nb 0.8
o] 1100 ppm
H 20 ppm
Zr + impurities Balance

Tin is an alpha stabilizer and is particularly attractive

as an alloying addition because:
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(1) It has a low neutron capture cross section;
(2) 2r,Sn precipitates should be stable for disper-

sion hardening;

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

slip more difficult and increases the strength;
(4) It reduces the grain boundary migration rate,
which should increase creep resistance at high

temperatures.

'

A great deal of information about the 3hort term
(stredgth, microstructure, texture) and long term (corro-
sion, delayed hydrogen cracking, creep and growth) proper-

ties of Excel alloy has been obtained since the alloy was

. devised as a potential pressure tube material and the

major outcomes of this research will now be discussed.
Cheadle et al(67) made a comparative study of Excel
alloy in two different metalluféical conditions, namely
5% cold worked and annealed. Both materials wére extruded
at 13:1 into tubes and then cold drawn 5%. The Eold”worked
material was stress relieved at 675 K for 24 h while g@e
second material was annealed at 1023 K for 30 min and then
stress relieved at 675 K for 24\h. Table XII gives the
microstructural characteristics of the two materials
together with some comparative information for Zr -2.5

wt‘ Nb.

The microstructure of the 5% cold worked tube consis-
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. Table XII. Effect of fabrication details on
L]
the grain thickness and dislocation
- density of Excel alloy pressure tubes
Grain . tio
% Cold Thickness, Dislocation,
Tube Type Tube No. Drawn mm x 107 Density, m
Excel extrusion 248 0 e 3 x 1014
248 2.0 0.74
250 3.7 0.62
5% cold worked 252 0.64 3.4 x 1014
Excel 253 2.8 0.58 ’
254 4.4 0.p2
249 2.9 0.80
Annealed Excel 251 2.9 0.74 1.4 x 1014

30% cold-worked

Extruded

25 to 30 0.2 to

[ J

0 0.2 to

5 t0 9 x 1014

0.8 to 2 x 1014

‘8L

g s v
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ted of elongated a~grains, a thin boundary network of

cubic B-phase, and a few localized areas of martensitic

a'. The thickness of the alpha grains in the radial direc-

tion was determined to be'0.58 to 0.74 ‘um. The annealed

microstructure, on the other hand, congisted of relatively

equiaxed a-grains with the cubic beta phase concentrated

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

dislocation density of both the extruded and cold worked

tubes was higher than that of the extruded Zr -2.5 wt% Nb.
A low dislocation density and eguiaxed grain structure

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

This condition was obtained in the annealed Excel pressure

tube. As far as texture is concerned, it was found that
the majority of the a-grains were oriented with their basal
plane poles closé to the tangential direction. The
resolved fraction of alpha grains ofiented in this direc-
tion was slightly higher than in cold-worked 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
minimum specifications. As can be seen, 5% cold worked
Excel is very much stronger than 30% cold worked 2r -2.5
wts Nb, whilé the annealed tubes are almost as strong as
Zr -2.5 wtt Nb and still meet the tensile specifications
for CANDU~-PHW pressure tubes. It was also found that

although the corrosion resistance of Excel tubes is about
° ¥}

R
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Table XIIXI. Average tensile properties of Excel pressure tubes aﬁd typical
tensile properties of 30% cold worked 2r-2.5 wt% Nb pressure tubes
Tube Test Test 0.2% Yield Ultimate %
Alloy 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 13
drawn longitudinal 736 845 12
Excel 300 transverse 930 965 9 )
575 longitudinal 385 500 19
annealed transverse 490 550 13
300 longitudinal 615 745 17
. transverse 815 840 17
longitudinal 380 520 15
30% colda- 575
drawn transverse 540 600 12 .
(average 1 . . ;
ongitudinal 640 790 13\
tube) . 300 transverse .oe 810 15
zr"’z. 5 Nb *
CANDU~-PHW
minimum 575 | longitudinal ° 330 479 12 .
specifi- :
cations -
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gpe‘half that of cold worked Zr -2.5 wt% Nb, their hydro-
gen absorption beha§1our may* be similar.’ As a result, an
additionalicorrqsion allowance on the inside of Excel pres-
» sure tubes of 0.2 mm was suggested, ‘which was estimated to
,pe consumed over the 30-year life of a reactor.

The most probable.cause of a crack forming in é\pres-
sure tube is delayed hydrogen cracking. It has been sugges-
;ed(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 2r -2.5 wt% Nb. Critical crack length

determinations for "leak without break" show Excel to be

_ag 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
5(69)

4%

high dislocation densities, while making a large cont{}bu—

been determine that very elongated alpha grains and
tion to the tensile 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 density have creep rates which aré
less than a third that of Zr -2.5 wt% Nb and agout 60%

that of 5% cold worked Excel alloy.
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§ (w ‘ Table XIV gives a comparison of the relative creep

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

the differences observed between the longitudinal ind
transverse deformation ratés are similar for the two alloys,
which indicates that th? creep anisotropy of the Excel tubes
should be similar to that derived for cold worked 2Zr -2.5
_ wt$ Nb.

The last important characteristic of Excel is related
to its thermal neutron capture cross section. It hasa .

been détermined(7l)

that the capture cross section of
Excel is initially higher than that of Zr -2.5 wt% Nb,

but since the capture cross-sections of Sn and Mo decrease \3
with irradiatiion due to transmutation, the average cross-
section of Excel over 30 years is 13% less thag that of

Zr -2.5 wt% Nb. Table XV gives a cqmpariﬁgn of the proper-
ties of annealed Excel and cold worked Zr -2.5 wt% Nb.

This analy%is indicates that Excel is a superior

calloy 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 satisfactdry

performance of the 2r -2.5 wt% Nb alloy.

- -
40
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Table XIV. Relative creep strength of Excel and
Z2r-2.5 wt% Nb tubes after 2300 h at
573 K and 2.0 x 1017 n.m-"2s"! (E>1 Mev)
K Relaxation Creep Rate Rela~-
Specimen Rate Constant, tive to Cold-
Material Orientation h-l Worked 2r-2.5 Nb
Annealed Excel longitudinal 0.63 x 10”4 0.32
/ transverse 0.40 x 1074 0.28 °
~- 5% cold-worked longitudinal 1.01 x 1074 0.51
Excel transverse 0.70 x 1074 ‘0.49
(‘) ' 30% cold-worked longitudinal 1.98 t 0.37 . 1.0
- | Zr-2.5 Nb x 1074 .
: , transverse 1.44 + 0.10 %19
x 1074
~/
b g -
%
w ,

K
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Table XV. Comparison of the properties of annealed
Excel and cold worked 2r-2.5 wt% Nb
\
: Annealed
Property c.w. 2r-2.5% Nb Excel

Neutron capture cross section cmz/cm3 0.00916 0.00918
average over 30 years service
UTS at 575 K, MPa (longitudinal) front 1 2
end (Specification for c.w. 2Zr-2,5 wt% Nb 517 * 40 500
is 479 MPa, minimum) i
Corrosion allowance 0.10 mm 0.20 mm °
Dimensional changes after 30 years Diameter 3.9 % 1.1 &
in CANDU-PHW 600 Mw Length 2.5 ¢ 6.8 &
Delayed Hydroagen Cracking N

K;y(MPa/m or m~1/2) ~10 ~10

Stress (MPa) to initiate a crack at a 250 500

0.1 mm notch at 525 K

Relative crack velocity 1 10
Stress to reorient hydride into radial/axial 255 690
pPlane, MPa @
Critical crack length at 295 K and 120 MPa 45 mm ~50 mm o
hoop stress (100 ppm H) y - -~ ‘

| ...cont'd :
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Table XV, cont'd
)

Propérty c.w. Zr-2.5% Nb : Ang:::id

Rolled joints 403 Ss end fittings standard
) 403 SS end
fitting
satisfactory

1. 95% limits for Pickering 3 and 4 tubes
2. Tubes 249 and 251

-
-
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CHAPTER 4

DESCRIPTION OF MATERIALS AND EXPERIMENTAL

EQUIPMENT AND TECHNIQUES .

‘4.1 Experimental Material

-

The base material utilized in this study came from a

batch of Excel pressure tubes fabri;ate& at Chase

Nuclear Ltd. These tubes form part of an extensive

research and development program undertaken at the Chalk

River Nuclear Laborétor{es of Atomic Energy of Cangda Ltd.
_ concerned with the development of higher strength pressure

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

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

cal analysis of both the ingot from which the tube was

fabricated as well as the pressure tube itself are given

in Tables XVI and xviI respectively. glthough some segre-

é
gation of the Sn to the bottom and top of the ingot occurred,

¥

the chemical composition of the ingot can be seen to be
relatively homogeneous. Of greater importance is the

' observation that the impurity levels in the ingot are

*Canada Deuterium Uranium; Boiling Light Water; Pressurized

)

Heavy Water.
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EXTRUSION

. extrusion ratio : 111
temperature . 1130 K

coLD DRAWING
reduction in cross-sectional area : 25%

ANNEALING

vacuum  annealing
temperature : 1013 215K

-time : 30 minutes
cooled in vacuum to less than : 323 K

STRESS RELIEF ANNEALING -
temperature : 673 K

» B!
time : 24 hours

* Figure 24. Fabrication route for the Excel alloy pres-
surg tube utilized in this study.
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Ta*le XVI. Chemical composition of the ingot from

which the pressure tube was fabricated

88.

Spec. Top Middle Bottom Average
% § J % % |
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 ppm 1120 1090 -1140 1117
H 20 ppm 5 5 S S
( } _ Table XVII. Chemical analysis for the front and
back ends of the pressure tubes
Sample Oxyden Hydrogen Sn Mo Nb
No. ppm ppm % 3 %
592 F 1120 14 3.70 0.80 0.71
592 B 1210 24 3.95 0.91 0.82

O
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below the specified limits. By contrast, the gradient in
chemical composition from the front to éhe back of the tube
is greater and may be the result of the extrusion process.
The fabrication route was selected in order to improve
the metalldrgical characteristics of previously fabricated

(67) particularly the crystallographic

Excel pressure tubes,
texture. The cold work and the annealing heat treatment
were chosen to produce the smallest possible equiaxed alpha
grains whiéh, as discussed above, should lead té better in-
reactor dimensional stability. The effect of cold work and
annealing temperature on the thickness of alpha grains in

Excel alloy(72)

is shown in Table XVIII. As can be ob-
served, the grain thickness decreases as the améunt of cold
work 1is increased up to 30% and as the annealing tempera-
ture is 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 froﬁt end of the
pressure tube utilized to carry out the present study.

The dislocation density of the tube, although dependent

-
on the position within the tube from which the sample was

taken, was determined to be about 1.4 x 1014 cm-z, which
is much less than that of cold worked Excel and 2r -2.5
wt% Nb pressure tubes. This low dislocation density also
improves the in-reactor dimensional stability of the

tube.(sg’ >
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Longitudinal Direction

FIGURE 25 Electron micrograph of the Excel
' alloy pressure tube utilized in this
study. 25°% cold worked and

annealed at 1013 K for 30 min.
X 11450




Table XVIII. The effect of cold work and annealing

temperature on the thickness of 5 grains
in Excel pressure tubes

(&)

. Thickness of o Grains x 10™° mm
% Cold Work

30 minutes 30 minutes 30 minutes
at 1025 K at 1050 K at 1075 K
5 0.79 0.87 1.08
10 0.72 0.85 -
20 0.59 0.74 0.98
30 0.53 1.07 1.05
40 1.11 1.05 l 1.72
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4.2 Crystallographic Texture

f

The crystallographic texture of the tube utilized in
this investigation was determined using the reflexion

method developed by Schultz.(73)

This involves examining
three specimens representing the( 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 répresentation, direct pole figure, will be

given. ‘ .

4.2.1 Direct pole figure representation

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 crystallographic planes 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.

N (hk1)
N
R(hk1)

=

where Tc(hkl) = texture coefficient for éry:tallo—
graphic planes of a given type and

orientation.

A e * -
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Figure 26. Average (0002) pole figure for seven
Excel alloy pressure tubes (Ref. 67).
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N(hkl) = number of crystallographic planes of
n type (hkl) in a given orientation in a
textured material.
NR(hli =number of crystallographic planes of
-  type (hkl) in a given orientation in

' a random sample of the same %?teriél.

The texture coefficients for the (0002) plane for seven
Excel alloy pressure tubes deta{mined by Cheadle et a1‘67)
are illustrated in Fig. 26. It is evident that the basal
plane texture éoefficiénté are concentrated near the tan-
gential or circumferential direction, which means that the
majority of the alpha grains are oriented withﬁ§heir basal
plane normals close to that direction.

«

4.3 Mechanical Testing

4.3.1 Experimental equipment

The compression testing system utilized in the present
work consisted of a 100 KN MTS* close-loop electrohydiaulic
testing machine interfaced with a PDP 11/04 minicomputer.

A CENTORR model M60 front loading furnace for high tempe-
rature operation in vacuum was used for the tests at high
temperatures. Figure 27 shows an exterior view of the

compression system while Fig. 28 gives an internal view of

*Material Testing Systems
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(1} MTS load frame, (2) Centorr furnace, (3) temperature and vacuum control console,

(4) actuator, (5) PDP 11/04 computer, (6) Tektronix terminal, (7) hardcopy unit,

(8) load cell, (9) LVDT

*, Figure 27 Exterior view of the automated, servohydraulic, high temperature, high

€ s, !
vacuum testing system.

-

‘66
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(1) thermocouples, (2) tungsten tooling, (3) tungsten mesh
heating elements, (4) tungsten and molybdenum heat shields,

(5) vacuum chamber, (6) hinged door
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Figure 28 1Interior view of the high temperature high vacd@m
\ . .

A

- testing chamber.
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the testing‘\chamber.

L

”m./]\(ased-ldop servohydraulic system
In this sect\;ﬁ/n, the basic operating principles of
the testing system will be described, with special atten-
tion being given tc% the control unit. 'Ithree ma;.n units

can be delineated@i the system: 8

1) 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
1ifts, supports the hydraulicuactuator which applies the
loading force to the specimen. The actuator is provided
with an 'open housing' LVDT (linear variable differential
transformer) assembly to provide a stroke feedback signal
for displacement control or displacement readout (see Fig.
29). The LVDT utilized with this equipment has four cali-
brated ranges of operation, namely 100, 50, 20 and’ 10 mm.
For the present: woz:k, all tests were carried out using the
10 mm range. The forces applied to the specimens are
measured by means of bridge re_sistance load cells placed
on the load frame platen. Two load cells pf different

capacity were employed, a 100 KN load cell for tests at

l

vk o
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temperatures up to 900 X and a 5 KN load cell for higher
temperature tests. Both load cells were calibrated to
give output accuracies within 0.5% of range and the LVDT
was calibra;ed to better than 1% of range.

The performance unijt 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 hydraulic fluid in a
direction and at a rate determined by the input signal's ',
polarity and magnitude. The performance unit provides the
system with the energy required for the test in fhe form
‘of controlled, filtered hydraulic fluid under pressure at
21 MPa.

The control &nit of the system conusists 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 given in Fig. 29, where
the controlled variable is the output from the LVDT, i.e.
the stroke §ignal. The transducers, load cells and LVDT's
provide electrical output signals proportional to the quan-
tities that ‘they sense. These transduceré receive either '
AC or DC excitation voltages from associated transducer
conditiongrs, which also receive the outputs from the trans-
ducers and provide DC output voltages proportional to the

mechanical inputs to the transducers. There are two types

E)




99.

of trqﬁsducer conditioners; (i) the AC type, which provides
an amplitude regulated 10 KHz, 10 V peak-to-peak excita-
tion voltage for reactive-type transducers (LVDT); and
(1i) the DC type conditioners, which provide an excitation
voltage and output amplification for resistive k}:ridge trans-
ducers such as load cells and strain gauges. In ﬁhis 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 operating range selector increases the gain of a DC
amplifier, built into the conditioner itself, by multiples
of 1, 2, 5 and 10. 1In both condi;;onerg, however, the full
scale output is always a t10 V, in the form of a ;;w impe- -
dance signal.

The signals from the tran;ducer conditioners are fed to .
a "feedback seiector" for selection of the output of a
particular conditioner for use in controlling the hydraulic
actuator. 1In the present case, .the controlled variable was
chosen to be the output from the AC conditioner whicH corrés-
ponds to the position of the face of the tungsten tool in )
contact with the specimen throughout the test: This feed-
back selector can be made to operate manually or automa-
tically by setting a two-position knob. In the "local*
position, feedback selection is é&rrieé odt manually; while’~if

the "remote” position is chosen, feedback selection is

accomplished by the Data/Contrcl Processor, also shown in




~

'100.

Fig. 29. Another important function of the feedback selec-
tor is the optimizatién of the ‘system speed of response.
This optimization is acgomplished by adjusting the control-
ler gain.
The DC Error signal, which is the algebraic sum of the
feedback signal and the controltsignal (or command), is
the output signal of the servocontroller and it should be
¥ero during static opération of the system; for example,
i%ust before the test is actually started, where the cbmpres-
sion rod is not applying any load on the sample. At this
point the output from the transducer conditioners corres-
ponding to both the load cell and the £VDT should be zero.
During dynamié operation, that is, while the test is going
6n, the difference between the feedback and command signals
produces a DC Exrror which is scaled so that :10 corresponds
'to 100% of the range in which the controlleé 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
\\\Eharacteristic 1s 1.0 mm V' !, The DC Error signal is the
control signal which operates the servovalve on the hydrau-
lic actuator; thus a 10 volt DC Error signal produces a
full scale servovalve current and consequently a full
servovalve opening allowing o0il into the actuator which

will drive it to 100% displacement.

The valve driver shown in Fig. 29 serves the function
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Figure 29. Automated closed-loop servohydraulic mechanical testing system
equipped for high vacuum, high temperature compression tests.
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of helping to maintain the system resolution by preventing
8ilting of the servovalve due to the small impurity parti-
cles contained in the oil. 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 "aptomated" by means of
an MTS-433 Processor Interface which performs the functions
of command generation, data acquisition and reduction, and
real time decision making. The complete automatization of
the system includes a Central Data Processor, a Communica-
tions Device, the Processor Interface, and the System Soft-
ware. Table XIX lists the facilities available in the
"Automated Closed-Loop Servohydraulic Testing System" and
Fig. 29 shews its configuration schematically.

The Central Data Processor, a DEC~PDP-11/04 minicom-
puter, has .a core memory capacity of 28 k in 16-bit words.
Communication between the computer and the.pfocessor inter-
face and all the peripheral devices, namely, the Tektronix
graphics terminal, thf Tektronix hardcopy uhit, and the

DEC-RX11l floppy disk system, 1s@accomplish¢d’by an input/

-
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output bus called PDP-1l1 Unibus. Figure 30 is a block
diagram of the interface, which consists of a set of 5
basic printed circuit cards installed in what is known as
the PDP-11 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 specific function of each card is outside
of the scope of this description and further inf;rmat;on
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 circuit cards must be
added {g the basic cards. These cards perform the functions
of compand geéeration (HARDWARE SEGMENT GENERATOR, Figs.

29 and 30), data acquisition and reduction (ANALOG-TO-DIGI-

~3

TAL .CONVERTER, Figs. 29 and 30), feedback selection and
control mode switching (FEEDBACK SELECTOR REGISTER, Figs.

29 and 30), as well as real time cision making, which is

very important for the t experiments carried out in
the present work.
.The hardware segment generator is a cdmputer controlled
function generator which provides 1024-point analog haver-
~;ine (180°) or ramp waveform segments for use as the mai&'
command waveform for the system servocontroller (see Fig.
29) . Each haversine or ramp waveform segment is created

after the computer provides end level and segment duration
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parameter data. This allows complex waveforms (consisting
of any mixture of haversine and ramp segments from 0.0059
through 2048 s duration, 100 Hz maximum freéuency, and
-10 Vv through +10 V amplitude) to be generated by defining
the control parameters, storing them in an array and star-
ting ﬁhe Hardware Segment Generator with the aid of
BASIC~1l compatible assembly 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 segment starts at zero volts, ends at ten volts,
and has 1000 stepg. The Channel Segment Generator scales
the analog segment from the Master Segment Generator accor=
ding to the specified end-level parameters. The resulting
analog output is 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 S}ists,
then the command signal passes through the Dump circui£
unchanged. The master clock oscillator provides raw timing
for the Master Segment Generator. f o

The Analog-to-Digital Converter can convert up to 4
channels of analog signals to equivalent 12-bit digital
words for use by the computer. The inputs of this conver-
ter are the analog outputs of the transducer conditioners

corresponding to the force and stroke signals (see Fig. 29).
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The Master Programmable Clock is programmed by the
computer to generate an interrupt after a specified time
interval. After this interval, the coﬁputer 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 Sélector Register performs three main
functions; the primary function is automatic selection of
the transducer feedback signal for thHe servocontroller.
Smooth transfer of control modes during operation is also
accomplished using circuits in the system feedback selec-
tor (see Fig. 29) combined with appropriate software

routines. The second function involves switching in the

shunt calibration resistor on the DC transducer conditioners

and the third function is to operate external devices such
as counters, recorders, alarms, etc., by means of relay

control. .

4.3.1.3 High temperature, high vacuunm

testing chamber o

In order to carry out high temperature expefiments,

‘the automated closed-loop servohydraulic system described

above is provided with a high temperature, high vacuum
testing chamber which consists of a 17 KVA CENTORR model

M60 front loading furnace equipped with a 0.1 m high

“3n3s~! mechanical
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pump. This system provides a static vacuum of 1.3 x 1073 pa

at 1200 K. While under dynamic conditions the vacuum is

always better than 6 x 1073 pa. all high temperature tests

were carried out when the vacuum was better than ZLO“4 Pa,

which was a;hieved 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-
mately 76 mm in diameter and 200 mm high, is surrounded

by concentric mplti-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 door; 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 mentio;;d before, the top and
bottom anvils were machined from thoriated tungsten rods
and are ~150 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 g;cilitate handling. The co@pression test spe-

cimen is placed coaxially on the lower anvil.
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Temperature control in the testing chamber was
achieved by means of a Leeds and Northrup (L & N) Current
Adjusting Type (CAT) temperature controller working in
conjunction with a L & N Speedomax H recorder. The CAT
controller provides an output current which is proportional
to the deviatigﬁ"in temperature below the set point. The
current output of the controller is translated into a power
unit appropriate to the furnace by means of an SRC (Sili-
con Controlled Rectifier) power package. To set a constant
heating rate, the set point control is transferred to a
Datatrak programmer; thus the set point is moved at a rate
determined by anelectric curve follower which 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 two 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
thé readings of the two thermocouples were identical, which
indicated that no temperature gradients existed across
the diameter of the sample. For long term tests, the

temperature was kept constant within *3 K throuéhout the
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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 so the thermocouples
were placed as close to the specimen as possible to pro-
vide temperature control within +5 K.

[4

4.3.2 Testing technique and p;ocedure

Constant true strain rate compression testing was ,
chosen as the testing technique to carry out the present -
investigation. This is because it is a fairly simple

test, especially as regards strain rate'control. It also

“has the advantage that inhomogeneous flow due to necking

does not take place, as it does in the case of tension,

so that relatively large strains (of up to 1.0) can be
applied. However, inhomogeneous flow can occur if fric-
tion between the mating surfaces of the test specimen and
the compression tools is not reduced or avoided. The occur-
ren;e of friction results in "barrelling" of the specimens;
at larger strains, a phenomenon called "fold-over" may

also take place. These problems can be avoided by the

use of suitable lubricants. For the present case, MoS2 at

room temperature and colloidal graphite at higher tempera-

tures proved very effective in reducing friction during the

compression of Excel up to strains of 0.8. 1In the case of
the high temperature tests, graphite also helped to prevent

sticking of the Excel specimens to the tungsten tooling.

)
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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 @gntioned in Chapter 3, the crys-
tallographic texture developed in the tﬁg;\;ZEomes stable
after the first stages of the fabrication process, speci-
fically during extrusion. Subsequent annealing below the
a/a+f transformation temperature does not appr§ciably
affect the texture but does eliminate most of the internal
stresses resulting from the different orientations of the '’
grains within the mat;rial (see Section 3.5). Thﬁs, any o
anisotropy of mechanical properties exhibited by the preé—
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 havé three mutually orthogonal
planes of symmetry at every point in the tube; these planes
intersect each other in three orthogonal*directions which
are called the principal axes of anisotropy. These are,
in the present case, the circumfefeﬂtial, 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 distribution in the tangential plane
of the tube. It should be noted that the orientatjon of

the anisotropy axes in a given element of material varies

* j.e. from the end of the tube which first comes out of -
the extrusion .chamber.

-
i 7 . 1
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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 are rather limited.
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 were
found as a result of the specimen size. One is related to
the small size of the specimens, especially the radial
specimens, which resulted in.much scatter and poor accuracy

in the measurement of the small loads (100 N at high tem-

peratures) required to deform specimens with such small

'cross-sections. Another source of inaccuracy was the

small Eeight of the specimens, which required the experi-
ments to be carried out in the lowest range of the LVDT.

As the output of the transducer conditioners is scaled
to +10 V whatever the transducer output, the scatter
increases and the accurac;r of the measurement decreasesi\as
the range of the transducer is decreased. This problem
could not be avoided since no other LVDT was available;

however, the scatter and inaccuracy of the load readings

were improved by using a small load cell fitted with a
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. Radial
Direction

Tangential
Direction

Axial
Direction

. SPECIMEN ' DIAMETER HEIGHT

o mm) - (mm)
AXIAL . 4 6 '
RADIAL 4 4
TANGENTIAL 4 6

- Figure 3i. Spatial orientation of the specimens «
in the Excel alloy pressure tube.
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load cell protector and by decreasing the hydraulic pres-

sure to the servovalve.

TR

The anisotropy characteristics of the tube were then

studied as a function of specimen orientation in the tube -~

: : at 107} and 107%s™! strain rate, over the temperature
f range 298-1400 K, by means of constant true strain rate
compression tests. The complete schedule of experiments

is given in Table XX.

4.3.2.2 True strain rate compression tests

* In order to carry out constant true strain rate
{ compression tests, the velocity of the \}pper compression
rod must be carefully controlled; the method of doing
C««) this will now be described. The true strain on a specimen

deformed from an initial height £, to an instantaneous height

2 is given by: S
£ = zn(ﬁl»zol (4.1) .

By differentiating with respect to the time t, the true

strain rate is obtained
€ = (1/1)-(d1/4dt) (4.2)

where di/dt is the rate of change 'of specimen height,
which in the present case is determined by the positioﬁ
of the interface between the specimen and the compression

rod, which is determined in turn by the LVDT connected to
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the actuator.* Thus, from Eq. (4.2), for a constant true
strain rate éc , the ram velocity must be reduced in pro-
portion to the instantaneous height of the specimen; that

is,
de/dt = éc-z (4.3)

In order to produce a constant true strain 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 specimen, i.e. the position of the

compression rod/specimen interface, must be used as the
feedback signal in the closed-loop of the testing systenm.
As mentioned in Section 4.3, in the system used in
this study, MTS-BASIC was the programming language and the
RT-11 monitor was used to provide access to system and
application programs, as well as to perform input and outpu:
functions. This software package contains a number of
regl time routines written in asseml:’ly language which
interface the software with the MTS Hardware Processor
and the other special devic’. These routines can be called
from the application programs by means of single instruc-

tins, ‘such as FGl (command function generation), MSW1 (test

'

*We neglect here the elastic compliance of the testing
system (see Appendix II) as this affects the strain r ace

much less than the sgtrain.
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mode selection), PLOT, AXES, SCALE, etc. (for'plotting),
DACQ (data acquisition), etc.

Thus, in order to provide the command si@nal to be
compared with the feedback signal (stroke sigﬂal) in the
servocontrollerl(see Fig. 29), a computer program was
written so as to provide a DC 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 FGl routine was used to create analog output via
the Hardware Segment Generator described in Section 4.3.1.2.

The format of this function in the application program is
FGl (ARGl, 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 ‘values 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 ;onstant
duration. ARG4 selects the maximum frequency of the Hard-
ware Segment Generator. This device is designed to operate

in 8 frequency ranges, 0, 1, 2, 3, 4, 5, 6, 7, corresponding

to 100, S0, 20, 10, 10, 5, 2 and 1 Hz respectively. Each
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frequency range corresponds in turn to 2047 machine units.
Now, éhektotal time of an experiment is given by the ratio
of the total true strain and the true strain rate at which

the specimen must be deformed, i.e.
t = ¢/¢ (4.4)
Thus, as the output of the HSG was chosen to consist of

segments of constant duration, it is possible to divide
¢

the total time of the experiment into a number of segments,
N, each of duration

At -'% (sec/segment) . (4.5)
and a frequency .

£ = g' (Hz)  (4.6)

If R is the frequency rangT in which the HSG is chosen

to operate, then

£ =247 ¥ (machine units) (4.7)
and from Egqg. (4.5)
At = 2%77 % {machine units) (4.8)

e o

which is the period of time, in machine units, that elapses
between the %nd levels of each segment; it is constant
throughout the experiment. Usually N and R are chosen to

give a value for f near 2047, which corresponds to a fre-
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quency near the maximum 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 signal
capable of moving the actuator at a decreasing velocity
which is proportional to the height of the specimen. The
10 volt analog signal corresponding to thé maximum operating
range of the LVDT corresponds to 2047 machine units (4.885
mV/machine unit ); therefore, if the LVDT operating range

is R1, then the calibration factor for this transducer is:

: 2047
k = 2047 (4.9)

A similar expression can be obtained for the load transducer.
Assuming that the initial height of the specimen L@
corresponds to S1 machine units and that the instantaneous
height L corresponds to X(I) machine units, then the
instantaneous change in height due to the generation of

a segment by the HSG will be

sl - X(I) (4.10)

AL = L - L@ = %

Now, the incremental plastic strain Ae, produced
when the compression rod compresses the sample as a result
of the response of the actuator to a command corresponding
to X(I) volts, is related to the total plastic strain ¢

by the following expression:
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de = ¢-I/N (i.ll)

where I is the i'th segment generated and N is the total
number of segments. Now, it must be recalled that the in-
crement in true strain is related to thé increment in

engineering strain Ae by
Ae = n(l + Ae) (4.12)
where Ae.= AL/L@. Thus, rearranging Eq.(4.12),
AL = L@ EXP(Ae) - L@ (4.13)

and equating (4.13) and (4.10),

§3;§—§i£l = L@*EXP (Ac) - L@ (4.14)

Finally, substituting Eq.(4.1l) into BEg.(4.14) and

solving for X(I),

X(I) = sl + x-L¢[Exp(-e-§) - 1] (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 exponentially, thus producing the exponentially‘
decreasing rate of displacement required to maintain the

true strain rate constant throughout the experiment. The

accuracy with which the strain rate was controlled is shown
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in Fig. 32, whegg a computer plot of the true strain vs.
time shows a coﬁstant slope of 0.1 for a specimen deformed
to € = 0.5 at ¢ = 0.1. The total number of segments N

and the frequency at which the HSG is operated (f) are
chosen accordiﬁg to the strain rate, i.e. the time of
duration of the test (see program listing in Appendix I).
Data Acquisition was performed'at two different rates:

100 points were taken during the initial 1/10th of the
total strain; and a further 100 points were read during
the balance of the straining, The data were saved in an
MTS SASIC 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. o
Appendix I 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

Mos, for room temperature testing or with colloidal gra-

2
phite for the high temperature experiments. A light layer
of lubricané was also applied to each anvil and the speci-~-
men was Elaced at the centre of the bottom anvil. The
thermocouples were positioned in place (see Fig. 28) and
the upper anvil was then lowered to a position near the
upper surface of the specimen; this helped to reduce the
temperature differences between the ends of the sample

during heating. The test chamber was then closed and
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evacuated (except in the case of foom temperature testing).
The test specimen was heated to the test temperature in
about one hour and a soaking period of 15 min. was allowed
to stabilize the éemperature and to aliow programming
procedures to be carried out. The specimens were compressed
to a total strain of 0.6 or to fracture and then the ram

was retracted to its original position and the furnace
poweg was shut off to permit the chamber to cool, an

operation which usually took about 1.5 hours.

4.4 Metallography 4

Selected specimens were sectioned along their com-
pression axes in a low speed Buehler/Isomet saw. The
specimens were cold mounted using a polyester resin (Casto-
lite) and left to cure overnight. Rough grinding of the
specimens was done on 120 grit silicon carbide paper on a
rotating wheel with the purpose of removing any resin from .
the surface of the specimens. Fine érinding was performed
manually on silicon carbide papers in the order 240, 320,
400 and 600 grit size, using a small amount of water as
lubricant. Z

Mechanical polishing was carried out on a silk cloth
on a rotary polishing wheel run at low speed. The polishing
medium was 6 ym diamond paste and kerosena. The final

polishing stage was carried out using an attack-polishing
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L

(76) employing a 1/2% HF (48%) solution and

technique
Cr203 freshly prepared by igniting ammonium dichromate.

This procedure produced a scratch-free surface which, when

‘'examined under the microscope, showed very little 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, 49 ml HNO., (50%) and 4 ml HF (48%);

3
and subsequently anodized in a solution of 10 g oxalic
acid in distilled water using a voltage of 80 vdc. The
specimens were examined using polarized light in a Neophot

microscope.

O
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Table XIX. Computer/Interface Subsystem

Central Data Processor
Communications Device
Storage and Output Devices

Interface

SOFTWARE

HARDWARE . '

.

DEC-PDP-11/04 Computer
Tektronix Graphics Terminal -
DEC-RX11 Floppy Disk System
RX01 Floppy Disk Drive
Tektronix Hardcopy Device
MTS-433 Processor Interface

MTS-BASIC/RT-11 \

Table XX. Experimental Schedule

Test temperature, K. Strain Rate, s L.
- 1071 1074
295 AT ATR
5 600 T - AT
800 AT . AT
900 AT % ar
1000 ATR ATR
1100 AT
1200 AT
A = Axial, T = Tangential, R = Radial'’
\
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 &ystallogrquicmmofthemcelAlloyPresmei\:be

Figures 33 and 34 show the pole figures for the fgont
and back ends of the pressure tube utilized in this
investigation. As cah be seen, ﬁhe ::EE Mawed a very
strong texture, as indicated by the high texture coeffi-
cients, and consisting of basal plane poles oriented
towards the circumferential direction of the tube.
Additionally, the basal plane poles seem to be randomly
oriented nearlthe radial direction, whereas no basal

)

poles are aligned along the axial direction of the tube.
This texture is a girect result of the tube fabrication(t.
process, as mentioned in Sec. 4.3.2.1, and it is apparent
that the state of anisotropy of the tube, which is a result
of the texture, haé three mutually perpendicular planes
of symmetry which intersect along the three principal
directions of the tube, i.e. the axial, radial and circum-
ferential directions. , '

In terms of the ideal orientations introduced in
Chapter 3 (see Fig. 22), this tube'has a texture with most

of the grains in A orientations (TC = 14) and some of the

%
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Figure 33. Average pole figure for the Excel alloy pressure
s tube utilized in this work (Fromt end of the tube).
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Figure 34. Average pole figure for the Excel alloy pres-

sure tube utilized in this work (Back end
of the tube).
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giains in AB orienﬁ;tions.' It is of particular interest
to compare these results with those given in Table X for
Zircaloy-2 and 2r-2.5 wts8 Nb pressure tubes in similar
metallurgical conditions. It is evident that Excel alloy
pressure tubes should have a higher circumferential yield
strength than thée other tubes since they develop a much
stronger texture with the basal pkane poles more com-
pletely oriented along this direction.

' Another important observation can be made by comparing
the pole figures for other Excel alloy pressure tubes
reported by Cheadle et al‘67) (see Fig. 26), with the
polg figure for the tube used in this work. It seems that
the basal plane normals in the present tube are more
evenly distributed in the radial direction of the tube.
This implies a slight increase in the yield strength
without affecting the ductility of the tube along the
radial direction. This important diffefénce is a direct
result of the different alloy composition, as well as the
fabrication route for the present tube. With regard to
the latter, the effect of increasing the extrusion tempe-
rature from 1030 K to 1130 K is to sharpen the texture
with more basal poles oriented parallel to the tangential
direction; the effect of decreasing the extrusion ratio,
by contrast, is to increase;the number of basal poles close
to the radial direction, leading to an almost randon tex-

ture in this direction (see Figs. 33 and 34).
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Thus, to summarize, it can be said that the crys-
tallographic 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 <10I0> direcgion
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
digection. |

In terms of’this texture for the pressure tube, it
is possible to describe the orientation of c poles in the

three kinds of specimens used in this investigation:

(1) specimens with axes parallel to the circumferential -

direction of the tube will have c-'poles oriented appro-
ximately parallel to the stress axis of the compression

test; (ii) axial specimens will have their axes perpendi-
cular to the ¢ axis of the hexagonal cell; and finally,

(1ii) 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 hexagonal )
prisms are oriented so that the diametral strains are

likely to be simjlar along the two symmetry directions
perpendicular to the stress axis, are expected to exhibit
little anisotropy, while circumferential and axial specimens,
because of their teiéhxe, are expeéted'to display strains

in the two symmetry directions perpendicular to the stress axis
of different magnitudes; thus the cross-sections of these types of
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specimens will become elliptical after deformation. Fig-
ure 35 shows the ideal orientation of a hexagonal unit
cell in the circumferential and axial specimens together
with the elements of the most common deformation systems
in zirconium alloys. From this figure, it is evident that,
during a compressidn test on specimens with a circumferen-
tial orientation, either or both {1152}<1153> twinning and/
or {1011}<1123> pyramidal slip need to be activated in
order to allow for the required reduction in height, while
tensile strains perpendicular to the stress axis can be
accomplished by {1010}<1210> prismatic slip. 1In the case
of the axial specimens, however, prismatic slip can account
for compressive strains parallel to the gstress axis,
while tensile strains in directions perpendicular to the
stress axis must be accommodated by either pyramidal slip
or {10i2}<10i1> tensile twinning. Thus, one might expect
differences between the flow behaviour of these two Rinds
of specimens 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 to the axial specimens, then compressive strains
must be accommodated in directions perpendicular to the
tensile axis, which according to Fig. 35 involves <¢ + a>
pyramidal slip and/or {1152}<1153> compression twinning.

It should be noted that {0002}<1150> basal slip could

occur in both the circumferentially and axially oriented
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sampleg, since the basal poles can have brientations

withinl40 degrees of the stress axis in the case of the
circumferential specimens and around an éxis perpendicu-

lar to the compression axis in the case of the axially .
oriented specimens (see Fig. 35). However, the CRSS for
basal slip is very high at low temperatures (T < 850 K,

see Fig. 6) and twinning should operate’under these
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 defor-
mation mechaniihs operating under a given set of conditionsfwas
discussed. From the considerations introduced, it is
evident that the flow prope;ties of specimens taken from
different directions in the pressure tube can have differ-
ent mechanical properties, and that these diverging
behaviours are related to the differential deformation
mechanisms which take place at the temberatures j?d strain

rates involved.

<
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Figure 35. Spatial orientation of the HCP unit cell of alpha zirconium
in the specimens utilized in this work.
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- 5.2 Compression Tests

5.2.1 Flow curves

Figure 36 is an equilibrium phase diagram for the 2r-
Sn system. It can be seen that for the Excel alloy uti-
lized in this work (3.8 wt$ Sn), testing at temperatures
below 1000 K involves deforming the HCP alpha zirconium
phase, while testing at temperatures in the range 1000-1300
K involves deforming a two-pi‘xase structure (a-HCP + B-BCC).
Thus, it can be expected that the presence of the g-phase
during testing at T > 1600 K changes the flow behaviour of
Excel alloy, which can also be affected by the presence of

precipitates and intermetallic particles (zr4Sn) .

5.2.1.1 Circumferential direction

The flow curves for circumferentially oriented spe-
cimens tested at 10~% and 107 1s™! are presented in Figs.
37 and 38 respectively. It can be-seen that at or below

-4 -1 1 -1

600 K at 10 "8 ~, or 900 K at 10 "8 ~, the flow curves

show a high and decreasing strain hardening rate until
fracture occurs at true strains of about 0.13. This is

, essentially attributable to the lack of five easily acti-

vatable deformation systems. At BOO K and lﬁ-48-1, however,

fracture of the specimen occurs at € = (0.25; in contrast

to the flow curves at 298 and 600 K at 10 4s™1 and at or

below 900 K at 10 2s™1, the strain hardening rate is not

very large and tends to saturation at about € = 0.2, just
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Figure 37. ' Flow curves for tangential specimens of Excel
alloy pressure tube tested in compression.
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Figure 38. Flow curves for tangential specimens of Excel

.alloy pressure tube tested in compression.
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before fracture occurs. At 900 K and 10—45-1, however,

it is observed that after about 3% deformation, flow
softening occurs very rapidly and it persists to true ®
strains larger than 0.3. At 1000 K and 16~%s™1, the

flow curve shows some of the characteristics of dynamic
recrystallization: after an initial flow regime charac-‘
terized by a decreasing strain hardening;rate, a "peak"
stress is reached at about 4% deformation followed by flow
softening ‘and steady state flow at strains larger than

0.3. Such softening could also be due to shearing and shear
localization, which was always present at lower tempera-
tures and eventually led to fracture. The apparent

decrease in softening from 900 to 1000 K may be duye to

the deformqtion being more homogeneous at the higher tempe-
ratures. Another possibility for explaining this softening

could be the occurrence of texture softening. Somewhat

similar bghaviour,is observed in the flow curves tested
-1 -1

at 10 “s and 1000 and 1100 K, although the flow softeéning

is much less pronounced and the curves resemble those
characteristic of materials undergoing plastic flow controlled

-

by dynamic recovery.

5.2.1.2 Radial direction

The flow curves for radial séecinens tested at 298

4 ls-l

and 1000 K and at strain rates of 10 = and 10~ are

presented in Fig. 39. It can be seen that the room tempe-
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rature flow behaviour is very similar to tha§ of the .
circumferential specimens,(l.e. a large and decreasing’
strain hardening rate is observed until fracture occurs,
although at a somewhat larger strain. It should be noted
that with this kind of specimen, the initial height was
only 4 mm, so that the scatter in the raw data was very
large and sometimes pre-strains of the order of 10% were
applied to the specimens at the moment of advancing the
actuator to contact the surface of the specimen. Never-
theless, 1t can be observed from Fig. 38 that 2 = do/de
is smaller than 1in the case of the tangential specimens;
this indicates that at least 5 independent deformation
systems are more easily obtained and the fracture strains

are consequently larger. At 1000 K and 107157, a flow

curve showing the characteristics of a flow regime controlled

\

by dynamic recovery is again obtained.

5.2.1.3 Axial direction

The flow behaviour of the axial specimens turned out
to be entirely different from that of the circumferential

and radial ones.

The flow curves are reproduced in Figs. 40 and 41 for

4 -1 -1

strain rates of 10 ° and 10 °s respectively. As can be (

—l, the flow curves for 600 and 298 K at

seen, at 10-45
first show a relatively large and decreasing rate of work

hardening which seems to reach a minimum at about 4% defor-
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Figure 40. Flow curves for axial specimens of Excel alloy
pressure tube tested in compression.
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Flow curves for axial specimens of Excel alloy
pressure tube tested in compression. '
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mation; after this strain, 0 increases with stress or
strain until it reaches a constant value after approxi-
mately l0% deformation. This strain hardening rate remains
at its steady value until fracture occurs at about 23%
deformation. Similar behaviour is ob~served at a strain
rate of 10"'s™! and up to 800 K. However, at 800 K and
10-15-1, after the regime of constant strain hardening
rate, the slope of the flow curves starts to decrease
again at strains larger than 0.2qand a small further strain
causes the specimen to fracture in the same manner as the
other specimens in which no decrease in © was observed.
The shape of these flow curves resembles those for
zirconium single crystals obtained by Akhtar and Teghtsoco-
nian(la) in tensile tests of crystals oriented for prisma-
tic slip. A possible explanation for this behaviour was
. thought to bé the activation of different deformat‘ion
mechanisms in each of the stages of,\fl‘:éw. It was there-
fore decided to investigate the effe;}‘)_c\af stress state on
the flow characteristics of the axial specimens. This was
done by carrying out a tensile test on a specimen machined
_from the axial direction of the pressure tube. Due to
- experimental limitations, this was only completed at roomn
temperature and the test was performed by Dr. N. Christodou-
lou of AECL in an automated MTS-Alpha testing system. The

flow curve for this test is given in Fiq. 42 and it can
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Figure 42. Tensile flow curve for an axial specimen of
Excel aklot pressure tube determined at 298 K
and 10"%g~ (Courtesy of Dr. N. Christodoulou,
AECL, Chalk River.) _
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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. FIrstly, the tension
testing of axial specimens causes a yield drop which is
not observed during compression tests. Secondly, the yvield
strength in tension, as determined by the back-extrapola-
tion method, seems to be slightly lower than the yield
strength in compression, as determined by measuring the
%broportional limit (0.2% offset strain) after fitting a
straight line to the compression data for strains up to
0.005. Thirdly, the strain hardening rate during the %
tension test, after the initial yield drop, decreases

with strain and seems to saturate at strains larger than

158. A comparison of the two flow curves shows the dra-
matic effects that the stress state causes in the defor-
mation behaviour of these specimens; the two flow curves
have been replotted in Fig. 43 for comparison purposes.
Although the scatter in the compression data for the
first 2% deformation is large, a fourth interesting point
is the Strength Differential (SD) exhibited by this alloy.
The flow stresses for continued deformation after about
0.1l true strain become larger for compression than for
tension. This could be due to the reorientation of the
basal plane poles caused by the formation of {1012} twins

during the compression tests. This twin causes a rotation

}

A
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Pigure 43. Effect of stress state on the flow behaviour of
axial specimens of Excel alloy pressure tube.
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of the texture SsC as to align the c poles with the stress
axis; should this occur, a reduction in height along the
c axis can only be acﬁieved by either pyramidal slip

with a <¢ + a> Burgers vector or by {1122} twinning.
Either of these mechanisms has a much higher CRSS than
that required for prismatic slip on {1010} planes, which
is the mechanism operating during the tensile test. This
topic will be addressed further in the discussion chapter

of this work.

[}

at 10°%s™! and 800 K the flow behaviour seems to be

controlled by dynamic recovery as the stress-strain curve
shows a steady state regime of flow after the initial
strain hardening regime. Similar behaviour is observed

at 10" %s™! from 900 to 1100 K. On the other hand, dynamic
recrystallization (or some other flow softening process
such as texture softening) seems to control the flow

43-1

behaviour of specimens deformed at 10 in the tempera-

ture range 900 - 1000 K. A steady state flow regime is

reached at € > 0.2.

5.2.2 Flow behaviour within thé (x+8)

phase field '

Pigure 44 shows the flow curves for the specimens
tested at 1200 K and 10‘13'1. Although the scatter in
these two experiments was large (15 MPa for strains greater

than 0.1), two points are noteworthy. Firs;, the yield
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point in the axial specimen is sharper and the yield drop
is larger than in the case of the tangential specimen.

The relative yield drop in the first case is Zdj and in

the second case it is 11%. After the initial ykeld,

both flow curvés show slight softening, and at strains
larger than 30% a regime of steady state flow is established.
Figure 45 is a photograph of the longitudinal section of a.
circumferential specimen tested at 1200 K and 107171, 1e
can be appreciated tﬁat a considerable amount of precipita-
tion has occurred, mainly at grain boundaries. This,
together with the occurrence of the sharp yield points, is
evidence that aging can occur under these conditions of
testing. The presence of the 8-phase should be noted at
the testing temperature. On slow cooling from a tempera-
ture within the (a+8) phase field, any B8-phase present
transforms to produce very small a grainsg, together with
some retained B-phase, possibly a' martensite (see

Fig. 45(a3, within thefelongated grains). It can also

be seen from Fig. 45(b) that the microstructure at the
temperature of testing consisted of appréximately 50%

a and 50% g-phase.
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5.2.3 Effect of temperature and strain rate

on the flow stress

The flow data determined from the experimental flow
curves (Figs. 37-41) are listed in Table XXI. Here, it
should be mentioned”;hat, for a strain rate of 10 3s~!

4

and temperatures higher than 800 K, the scatter in the

.flow curves is large due to the small loads 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 stxesg and flow stress

at ¢ = 0.1) at the twyo different strain rates used in this
work for all the threé directions te;ted. As can be seen,
the flow stress decreases with increasing temperature and
increases with strain rate irrespective of specimen
orientation. The rate of decrease of flow stress is ini-
tially slow: (i) between room temperature and 600 K at
1074s71; and (11) between 298 and 800 K at 107's™}. Above
these temperatures, the flow stress decreases rapidly with

an increase in temperature and it seems that the rate of

f/,dm::reaa.e does not depend on strain rate, as can be

. observed from the similar slopes of the different curves.

Fald



”'\4 ' - Table XXI. . Flow data for compression tests of annealed Excel alloy
< .

S8pecimen Temperature Strain Rate 90.2% offset 9 24 offset 0, m%,1
(K) s7h (MPa) °(MPa) (MPa)
vl 298 . 1974 690 930 1160
T 9 600 1074 o 600 820 1000

TAI . 800 107 368 480 582
T6 .900 1074 271 354 430
T18 1000 1074 30 42 48
A 2@ 298 1074 515 640 768
AS 600 1074 448 ‘544 . 660
Ax2 800 1074 : 276 324 340
‘ ‘A 900 . 1074 220 - 275 - 220
Al 1000 10”4 45 59 55

: R 1097 298, 10~4 600 740 840 )
. R 7 1000 1074 . 22 35 35
e TA2, 298 107 900 1110 1200
’ T 7 800 1071 600 . 750 900
TS 900 107t - 475 - 600 690
T14 1000 1071 208° - 248 260
T12 1100 107t 105 128 740
P13 . 1200 107} _50% N L &
... cont'd
£ ~ ?

*0S1
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Table XXI--cont'd- € S '
i |-
Specimen Temperatigre §traix_11Rate 90.2% offset 928 offset "% = 9.1
(K). (s ™) . (MPa) | (MPa) ’ (MPa)

AX3 208 . 1071 %600 - 740 840

A7, 800 10”1 372 432 “ 530
AX1 900 1071 ' ~ 220 - 280 320

& -
A24 1000 1071 180 - 210 210
Al 2 1100 1071 96 108 115
Al3 1200 1071 _ " 60* SQ** 48
"R10 298 © 107l . 672 840 . 920
R 5 1000 1071 190 - 210 210
(1) Tangential direction specimen :
:(2)° Axial direction specimen ’
(3) Radial direction specimen , ,
* Upper yield poipt - )
** Lower yield point ,
4
_ N ¢

“TST
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Figure 46. Effect of temperature and specimen orien-

tation on the 0.2% yield stress of specimens
macgingd from Excel alloy pressure tube,
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Figure 48. Effect of temperature and specimen orientation

on the flow stress at e= 0.1 for spacimens |
machined from Excel alloy pressure tube,’
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5.2.4 Effect of specimen orientation on

the flow stress

The effect of specimen orientation on the flow stress
can be observed from the results presented in Table XXI
and Figs. 46 to 51. As can be seen, specimens with stress

axes parallel to the circumferential direction of the

pressure tube show the highest flow stresses at all tempe~
ratures and both strain rates. It can also be seen that
specimens 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 given temperature and strain rate, while radial
specimens have flow stresses intermediate between those of
the circumferential and axial specimens.

Flow stress ratios wefe calculated for the axial and
radial directions, with respect to the circumferential
direction, as a function of strain, strain rate and tempe-
rature; the results are given in Table XXII. It can he
seen that at a strain rate of 10-45_l and in the tempe-
rature range 298-800 K, the 0.2% yield stress in the cir-

cumferential direction is 25-30% larger than that in %he

axial direction, and approximately 15% larger with

respect to the radial direction. After small deformatiEQf \J/-\

(2% offset), the axial stress ratios decrease to 0.66 a

tA

600 and 800 K. At room temperature, however, the ragﬁo

seems to remain constant at 0.7. /f

v
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Table XXII. Effect of specimen orientation and strain on

the flow stress of Excel alloy pressure tube

X

Specimen Temperature Strain Rate 0.2%/0t * 02%/°t * 0‘1/0t *
(K) (s”h

A2 298 - 1074 0.74 0.69 0.67

A8 " 600 1074 0.74 0.66 0.66 )
A X2 800 1074 0.75 0.67 0.60

R 1 298 1074 0.87 0.80 0.72
A X3 298 1071 0.66 0.66 0.70

A7 800 1071 0.62 Y 0.57 0.58
AX1 900 1071 0.46 0.46 0.46
A24 1000 1071 0.95 0.84 0.80 - -
Al 2 1100 1071 0.92 0.84 0.82
R10 298 1071 0.74 0.75 0.76

R 5 1000 _ 1071 0.91 0.84 0.80

* = i
90.2% 0.2% offset yield stress

Q
]

2% 2% offset yield stress

‘6ST

flow stress>at e = 0.1

Q
(=
[
o

I

=]
It

N flow stress in the circumferential direction at e same level of strain,

{
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At a strain rate of 10 's™! and at 298-900 K, the

0.2% yield stress in the circumferential 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 seem to remain constant at 298 K and 800. K,
although at 298 K it seems that, at strains greater than
IOQ, the ratio increases to about 0.70, a value near that
corresponding to the radial direction. At higher tempe~
ratures (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 defor@ation suddenly
decreadkes to 0.46 and remains constant with increasing
strain., This behaviour is another consequence of tﬁg ani-
sotropic nature of the flow behaviour of this alloy. \In
the case of the radial direction at 1000 K, the stress
ratio is similar to that of the éxial direction (~0.95).
These results indicate that the anisotropic flow
behaviour of the material under investigation is consis-~
tent with the experimentally 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 strain hardening
behaviour depends on the direction of testing and also

depends on temperature for a given direction. Here again,




wa

.10

161.

N

the main differences are bétﬁeen the circumferential

and axial directions since these are the ones with parti-

cularly different grain orientation distributions. 1In

‘the case of circumferential specimens, the majority of

the grains are oriented with their c axes near the cdmﬁres-

sion axis and twinning is expected to occur at low tem-

peratures and high strain rates. On the other hand, in

the case of axial specimens, whiéh have grains oriented

with their c poles almost perpendicular to the stress

axis, prismat;c’slip 1s expected to allow for the compres-

sive strain applied to the specimens, Evidently, axial

specimens are expected to be more ductile than circumfe?en-

tial ones since slip is generally easier to activate than

twinniné (see Chapter 2). &
The true strain at fracture for axial and tahgential

specimens 1n the temperature range 298-900 K is given in

4

Table XXIII and Fig. 52 for strain-rates of 10 ' and

-1 -1
s .

v

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 rapidly in the temperature range 600-800

K at 107%s™! for the tangential specimens. At lower tem-

peratures, the strain to fracture remains constant andg,
at 10-15-1, the same behaviour is followed up to 900 K.

By contrast, axial specimens tested at temperatures higher




»

Table XXIII.

Effect of specimen orientation, temperature and strain

rate on the true strain to fracture for Excel alloy

Specimen Temperature Strain Rate True Strain to
(K) (s=1) Fracture
T 2 298 1074 0.14
T 9 600 10”4 0.13
T A 3 800 10”4 0.25
A 2 298 1074 0.21
A 8 600 = 10”4 0.19
T A 2 298 107t 0.13
T 7 800 10”1 0.14 .
T 5 900 107! *0.13
A X 3 208 . 1071 0.23
A 7 800 1071 0.30

‘291
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than 600 K at 10™4s™! aia not fail and the increase in

ductility follows the usual behaviour as the temperature
is increased.- At a strain rate of 1071s™1, the strain to

fracture inéreases'slowly in the temperature range 300- -

.800 K; at still higher temperatures, the specimens did

not fail.- ; ;

Another important observation was that, in the speci-
mens thaF fractured, the strains in directions perpendicu-
lar to the stress axis were small. However,iwhen fracture

&
did not occur, the cross-section of the specimens had an

elliptical shape indicating that the principal strains
perpendicular to the stress axis were of different magni-

tudes. For an isotropic material, the strain tensor in

a uniaxial compression test is given ag

e = | o e, © \ (5.1)

where €; 1s the compressive strain along the, stress ‘axis,

and ezand €y are the principal tensile strains in the two
i

¢ 1

other mutually perpendicular directions and are related by

-
1
5 (5.2)

_€2 83

Thus a uniform uniaxial compressive stress causes a uni-

form tensile strain in directions perpendicular to the
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3
- <

stress ax.is and the cross-section of the specimen after -
. > ‘

A

straining must be uniformly circular. E oo

Table XXIV gives the final dimensions Qf twd axial

N
specimens\after straining at 800°K and 10741 ana 900 &
r . 5 . ’ -

and 10 1's”!. THe presence of friction and possi-

a

bly shearing effects were both evident, (e + €, + €4 # 0),

N

especially in the case of the specimen teSted to a strain

LS

beyond 0.5. Thé increase “in volume observed indicates that

cavitation and crack formation were occurring in these
v . -
tests, and that voids were being qpened up—-in the spdcimen

’

interior. . Such internal damage Was dotfproduced at the
h;gher temperatures. It is also evident that megﬁanical

anisotropy -in these specimens results in non-uniform.

-

diametral strains and elliptical finalycrosé-sections. It

should be pointed out that radial specimifs showed the
° . a B}

+

most uniform diametral deformatiop. , -

-

The behaviour descriped ahove can be éxplaiﬁed by
4 .

considering the grain orientation distributions -in the ¢
specimens. Figure 35 (b) shows that the)axial specimens

can accommodate a tensile strain in the direction perpen-

\

dicular to the plane of the paper (say the Y direction)
. . & -

by prismatic slip. However, in the direction which is

perpendicular to the stress axis and in the plane of the

paper, i.e. for a tensile strain along the ¢ axis (say the

~

X direction), either {1012} twinning or <C + &> slip must

be activated to allow for expansion- in-that direction. .



Table XXIV. Anisotropy of straining in ;xial specimens

machined from Excel alloy pressure tube \
Specimen T(K) 5(3—1) hf(mm) D* (mm) d** (min) €1 €5 € 5
A24 800 1074 3.45 6.25 4.80 -0.553 0.446 0.182
A23 900 10_1 3.65 5.90 4.75 -0.497 0.389 0.172

*D
g

major diameter
minor diameter

‘9971
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These two mechanisms have higher CRSS's than prismatic
8slip and consequently the strains 1; the X and Y direc-
tions will not be uniform; 1instead, elliptical cross-
sections wily be formed, with the Y strains greater than
those i1n the X direction. Table XXV gives a summary of
the conditions for activation of the different mechanisms
of deformation in zirconium and Zircaloys. From the table
it can be deduced that if -¢ + a slip and twinning are
not operative at a given temperature and strain rate,
then fracture will occur. This was confirmed for the
specimens tested at the lower temperatures (T < 900}.
Finally, 1t 1s worth mentioning that this behaviour
persisted up to 1100 K. At 1200 K, the cross-section of
the specimensg showed little or no eccentricity and the
strain anisotropy seemed to disappear, as well as the
tendency for the specimen volume to increase with straain.
The anisotropy of flow stress at this temperature also
seems to disappear, but the scatter in the data at
high temperatures does not make possible the accurate deter-~-

mination of the flow stresses.
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Table XXV. Deformation systems in a -Z2irconium and Zircaloys

Type

Plane

Direction

Cryst&llographlc
Description

Temperature &
Stress Range

Slip

Slip

Slip

Slip

Twin

Twin

Twin

Twin

Prism
Basal
Pyramidal
Pyramidal
Pyramidal
nyamldal

Pyramidal

Pyramidal

<C 4+ a»

<C

<c

<C

<C

a>

a>

a>

{1010--1210

{0001}<1210"
{10113v.1123~
f1121,.1123~
{1012}<1011~
{1121}<1126~

{1122}<1123-

{1011}<1012>

All tempera-
tures

Lowest stress
system

High tempera-
tures

Intermediate
temperature,
High stress

High tempera-
ture, High
stress

Intermediate
temperature,
c-axis tension

Low tempera-
ture,
c-axis tension

Low-interme-
diate tempera-
ture, c-ax1is
compression

Intermediate-
high tempera-
ture, c-axis
compression

e —
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CHAPTER 6

DISCUSSION

6.1 General Observations

The anisotropic mechanical behaviour of the material
under investigation was represented 1in Figs. 46 to 51
above in the form of ¢ (T) curves; from these data it was
evident that the stress 1s a function of specimen orienta-
tion, as well as of strain rate and true strain. Further-
more, in Table XXII, the flow stress ratios were listed
for axial and radial specimens, where these were norma-
lized with respect to the flow stress for the tangential
specimen at a given temperature and strain rate. It seems
clear from the results at both strain rates that the aniso-
tropy of flow stress decreases as the temperature 1s
increased for temperatures higher than 900 K. At lower
temperatures, however, the stress ratios remain almost
constant; there is little change with increasing temperature

-1

at 10“45 and a small decrease with increase 1in temperature

at 107 1s71. 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. All these observa-
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tions, as mentioned in the last chapter, can be explained
in terms of the initial crystallographic texture of the
material (see Figs. 33 and 34) and the resulting distribu-
tion of basal plane poles 1n specimens of the three differ-
ent orientations ntilized 1n this work (see Fira. 35). Two
extreme cases can pe noted: (1) that of o poles parallel

to the compression axis (tangential specimens); and (11)

that of ¢ poles perpendicular to the compression axis

(ax1al specimens). From these observations i1t seems clear
that different deformation mechanisms control the plastic
flow behaviour of these €wo kinds of specimen and differ-~
ences 1n the strain hardening behaviour are therefore
expected. This 1s also apparent from the differences
between the flow curves for these specimens (see Figs.
37, 38, 40 and 41). Thus, 1t can be said that both the
yield stress apd the subsequent strain hardening behaviour
of the present mater:ial are determined by 1ts 1nitial
texture.

This behav18ur can be complicated still further by

[3

texture changes, 1.e. grain reorientations, that can occur

during continued deformation.
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6.2 Influence of Basal Pole Orientation on the Flow

Behaviour at Low Temperatures

From the results described i1n Chapter 3 1t 1s apparent

that the vield strength of the materi:al tends to i1ncrease

as the proportion nf basal poles oriented parallel to the
stress ax1s 1ncreases; i1.e. the yield stress for tangentia:
specimens 15 greater than that for axial specimens with
radial specimens having intermediate vield strendfhs.
The deformation svstems in the-axial and tangential specimens
were 1llustrated in Fig. 35 above: 1010:<1210- orism slip
for the axial specimens and (1122;-1011-> twinning and/or
¢+ a slip for the tangential specimens. Thus, 1t seems
that compressive deformation 1n the twoO extreme cases
studied 1in this work 1s controlled: (1) by prismatic slip
when the basal poles are oriented perpendicular to the
stress axis; and (11) by ¢ + a- pyramidal slip and {1122}
twinning for compression parallel to the ¢ axis. It is
therefore to be expected that the yield stress of the alloy
should 1increase with an increase 1in the proportion of basal
poles oriented parallel to the stress axis; furthermore,
prismatic slip should control the deformation process at
very low prooortions and <¢ + a> slin and/or (1122} twinning

at large proportions. In fact, the behaviour in these two

extreme cases can be modeled in terms of the behaviour of
e
(76,77)

-

suitably oriented single crystals.
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However, the above arguments seem to contradict the

(13,18,22) who have 1nvestigated

observations of authors
the CRSS's for the activation of the various deformation

mechanisms in zirconium and zirconium alloys. Figure 53

shows the CRSS as a function of temperature for different
deformation mechanisms and, as can be seen, the CRSS for

prismatic slip 1s lower than that required to activate

(22) that

any other mechanism. Further, 1t has been found
the stress levels for activation of Bny of the ¢ + a-
mechanisms for ¢ axis compression are at least 1.5 to 2.0
times that for prism slip.

(80) have found, by studying the

Ballinger and Pelloux
vield stress of Zircaloy-2 as a function of the Kearn
texture number f (effective fraction of basal poles orien-

(78) that the increase in yield

ted 1n a given direction),
stress with 1ncreasing f 1s not due to ¢ + a- axis defor-
mation (either twinning or slip) becoming increasingly
predominant. Instead, they suggest that the material can
be treated as a composite of two components: one component
that 1s difficult to deform and another which 1s easily
deformed. 1In addition, 1in this model, compatibility
between the two fractions must be satisfied. Their model
is represented schematically in Fig. 54. The basis of

the treatment is that the basal poles are not considered

to be completely parallel to a given direction; instead,
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the texture of the polycrystal 1s taken as involving a
finite proportion of grains favourably oriented for prism
slip. It can be seen from Fig. %4 that in region 2, 1.e.
for textures 1ntermediate between those of the axial and
circumferential specimens 1n the present work, plastic
deformati1on of the material will be controlled Ly prism
slip. As f 1ncreases 1in reqion 2, more grairns are oriented
parallel to the 'hard' direction and, as a conseguence,
fewer grains are available for prism slip. In addition,
grains with 'hard' orientations i1mpose constraints on the
'soft’ grains and the net result 1s an increase in flow
stress as f increases. In reqgions 1l and 3, 1.e. for the
cases of the axial and circumferential spe&cimens in this
work, the material can be expected to pehave 1n a way similar
to that of a single crystal, as mentioned before. When the

c poles are oriented perpendicular to the stress axuis,

however, deformation will be controlled by the ¢ axis ten-
si1le or compressive mechanism due to the Poisson effect;
1.e. extension or reduction parallel to the loading axis,
respectively, must be accompanied by lateral contraction
or expansion. Thus, for textures approaching the ideal,
the ¢ mechanism must operate.

The argument summarized above seems reasonable for
tensile locading perpendicular to the ¢ axis since in this
case compresélve strains must be accommodated in directions

perpendicular to the stress axis and, as indicated in Fig.
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35, this can only be achieved by the operation of a -c + a-

mechanism. However, 1n the case of compressive deformation

perpendicular to the ¢ axis, as in the present case, tensile
strains must be accommodated. TFiaure 37 shows that thas

can be achieved by the operation of the 1012 1011

twinning system. Several 1nvestigators have Jetermined

that the stress level for activation of this kind of twin

1s approximately the same as for prism slip. Recently,

(79)

Tome and Kocks nave calculated the stress axis orienta-
tion domains 1n which plastic deformation in tension or
compression requires the activation of a vertex of the single
crystal vield surface with which at least one twinning
system 1s associated; 1.e. the 1012: 1011 twin system.
These domains are shown 1in Fig. 55. As can be seen,
compression in directions perpendicular to the ¢ axis
reguires the activation of the 1012 twin system. The
importance of the operation of this twin system 1n a compres-
sion test 1s that, when 1t operates, a rotation of the c¢

axis of approximately 85 degrees occurs (see Fi1g. 56),

which tends to align the ¢ pcle with the compression axis.
This grain reorientation requires that a ¢ + a- mechanism
operate in order to permit further compressive deformation;
in this case the material contains a double texture of basal
poles, one approximately perpendicular and one parallel to
the stress axis. Thus, for the case of the axial specimens

in this work, 1t seems that the initial controlling mecha-
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Texture rotations brought about by the
operation of twinning deformatioa mechanisms

in zirconium.

Figure 56.
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nism is prismatic slip for deformation parallel to the
stress axis and {IOIZ} twinning for deformation perpendi-
cular to the stress axis. This behaviour will be discussed

- further 1n the next section.

6.3 Texture Rotation and the Strength Differential Effect

The effect of the need to accommodate tensile strains
in directions perpendicular to the stress axis 1n a compres-
sion test on axial specimens was shown in the last section
to be one of ¢ pole reorientation towards the loading direc-
tion by means of {10I21 twinning. The fact that different
deformation mechanisms govern the overall deformation
behaviour depending on the orientation of the basal plane
\\\__poles can be explained in the light of the effect that
tensile deformation has on the flow behaviour of axial speci-
mens. When axial specimens are loaded 1n tension, axial
extension 1s accomplished by {lOIZ} twinning, while strains
perpendicular to the stress axis must be accommodated by
a <¢ + a- deformation mechanism. Neither of the two possible
<& + a> mechanisms produces much reorientation of the c
poles, 1.e. no texture rotation 1s produced; thus, as men-
tioned earlier, deformation 1s controlled by <& + a> defor-
mation via the Poisson relationship. By comparing the strain

hardening rate of axial and circumferential specimens

— e — > —
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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

<¢ + a> mechanism produces a higher strain hardening rate.
The net result 1s the productlén of a strength differential
in axial specimens tested 1n compression and tension.

This effect 1s clearly i1llustrated in Fig. 43.

The SD{=(~C-:T)/2] 1s plotted as a function of true
strain in Fig. 57. It 1s evident that the 1nitial flow
stress 1s slightly higher 1n compression than in tension.
However, the plateau 1n the compressive flow curve together
with the higher 1nitial strain hardening rate during tensile
deformation causes the SD to decrease up to strains of
about 0.06. The fact that the SD ircreases with strain
after this minimum and eventually becomes positive again
at approximately 0.1l true strain 1s evidence that enough
texture rotation has occurred to change the controlling
defé;EEtlon mechanism from that of tensile twinning in
directions perpendicular to the stress axis to that of
<c + a> deformation parallel to the stress axis. As men-
tioned earlier, this deformation mode exhibits a higher
strain hardening rate, which leads to the crossing of the
two flow curves.

There still remains the question of which of the two
possible <¢ + a> mechanisms is actually controlling the

deformation. Figure 56 shows that the texture rotation
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due to {1152} twinning in pure zirconium single crystals

is 64°. Such rotation is not apparent in the circumferen-
tial specimemns tested 1n compression at temperatures up to
900 K. Thus, 1t seems that a <& + a> slip mechanism 1s

the controlling mcde of deformation for baqth compression
along the ¢ axis and tension perpendlculaﬁ to the ¢ pole
through Poisson's ratio. This observat1§n 1s 1n adgreement
with the interpretations of other 1nvest1qators.(31’38'80)
The effect of texture rotation on the deformation behaviour
was confirmed by Ballinger and Pelloux by means of X-ray
diffraction studies, transverse strain ratio measurements,
and texture number measurement as a function of strain.

Their results are consistent with the present data for

Excel alloy. .

6.4 Fracture Behaviour

As mentioned 1n Chapter 5, the compression specimens
of Excel alloy fractured by a shear process with a frac-
ture occurring on planes i1nclined at 45 degrees to the
stress axis. The fracture appearance was always of the duc-
tile type and the only difference between the axial and
circumferential specimens was the magnitude of the true
strain to fracture (see Fig. 52). This type of behaviour

has been described previously by Blaz and Jonas(79) at 775 K.
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(33) also observed by means of electron

Jensen and Backofen
microscopy that the fracture process 1n Zircaloy-4 tested
in plane strain compression along the ¢ axis i1nvolves
highly localized shear along bands of <1154 orirentation.
They found that under certain conditions continued shear
wlithin bands heavily populated with S+ a dislocations
can be arrested at obstacles such as arain boundaries;
nevertheless, damage due to the nucleation and growth of
voids around precipiltate particles could lead to fracture
when enough of these weakened shear bands are linked toge-
ther.

The differences 1n strain to fracture between axial
and circumferential specimens of Excel alloy pressure tube
can be explained i1n this way. The localization of flow due
to shear band formetion reguires the operation of ¢+ a
slip, which 1s the operative mode of deformation for reduc-
tion along the ¢ axis (cirrcumferential specimens). Thus,
shear bands will form readily in this kind of specimen
and fracture will occur early in the deformation process.
By contrast, the operation of ‘¢ + a slip during the com-
pression of axial specimens first reqguires that texture
rotation occur due to the operation of the tensile (1012°
twinning mechanism to align the basal poles parallel to the
stress axis; a greater amount of deformation 1s therefore

required before flow localization can occur by the forma-

tion of shear bands.
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6.5 Effect of Temperature and Strain Rate

The differences between deformation parallel and perpen-

dicular to the basal pole mentioned 1n the last sections

are still evident at temperatures up to 600 K at 1_0—45_1

-1 -1
and 800 X at 10 "« . However, the pehaviour 1s now com-
=
plicated by the activation of new deformation systems which

cannot operate at lower temperatures, i.e. basal slip at
T - 800 XK and 1011 twinning at T 500 K. Furthermore,
the compressive deformation mode parallel to the basal

pole, ¢ o+ oa slip, 1s thermally actlvated(Bj)

and thus
exhibits a higher sensitivity to temperature.

Further increases 1in temperature 1invoclve the activation
of other softening processes such as recovery and recrys-

tallization. At sufficiently high temperatures, these

become more important than the texture effects.
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CHAPTER 7

CONCLUSTONS

1) The results »f this experimental i1nvestigation
show that the mechanical behaviour of cylindrical speci-
mens taken from an Excel alloy pressure tube 1s a strong
function of the 1nitial crystallographic texture of the
specimens, 1.e. the texture of the pressure tube 1tself.

2) The flow stress i1ncreases with the proportion of
basal plane poles oriented parallel to the stress axis for
specimens loaded 1n compression. Tangential specimens,
with most of the grains oriented with their c axes parallel
to the compression axis, showed the highest flow stresses
while axial specimens, which had most of the grains oriented
with ¢ axes perpendicular to the compression axis, showed
the lowest flow stresses. Radial specimens, with no
particular concentration of ¢ axes parallel to the compres-
sion axls, displayed intermediate flow stresses.

3) The fact that differend# shapes of flow curves
were obtained depending on the specimen orientation, and
that different strain hardening behaviours were also dis-
played, suggests that different deformation mechanisms
operate depending on the orientation of the basal poles

with respect to the stress axis. 1In this respect, tangen-
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tial specimens showed the highest rates of work hardening
and axial specimens the lowest for the 1nitial stages of
deformation up to - =~ 0.1.

4) The strong strength differential effect 1n axial
specimens loaled in tension and compression 1s a result
nof the different deformation mechanisms regquired tc accom-
modate the strains (compressive or tensile) perpendicular
to the stress axis.

5) The fact that tensile strains perpendicular to
the compression axis are accommodated by 11012 tensile
twlnning causes a reorientation of the ¢ poles parallel to
the compression ax1s. The lncrease in the strain hardening
rate of axial specimens after about 0.1 true strain 1s
evidence for such texture rotation. This effect 1ndicates
that the mechanism controlling the deformation process
changes from ‘1012‘ twinning 1n directions perpendicular
to the stress axis, to ¢ + a slip parallel to the stress
axis.

6) The lack of evidence for texture rotation 1n tan-
gential specimens suggest that {C + a} pyramidal slip 1is
the deformation mechanism for reduction parallel to the c
axis 1n Excel alloy.

7) The ductility of Excel alloy 1s directly related

to the ability of the material to accommodate reductions
»
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parallel to the stréss axis and 1t increases with an 1increase
in temperature as the ¢ + a slip mechanism 1s highly
sensitive to thermal activation.
8) The anisotropic mechanical behaviour of Excel
-1

alloy follows the same pattern at strain rates of 19

and 10-4q—1 over the temperature range 295-9N00 K. A fur-
ther i1ncrease 1i1n temperature causes thermally activated
processes, such as dynamic recovery, to become more impor-
tant than the texture effects and the anisotropy decreases

considerably.
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Suggestions for Future Work

Although the present analvsis »f the anisoctrooy
of mechanical properties of Excel allov has peen carried
out 1n an essentially jualitative way, .t demonstraites
~he highlv complex way in which the vield stress and
the subsequent strain hardening behaviour are affected by
the ability of the material to deform by twinnina as
well as by slip under a diven set of experimental condi-
tions. The fact that the activation of the different
deformation modes denmends on the initial crystallographic
texture, the evolution of this texture as the material 1is
strained, as well as on the temperature and strain rate,
and that, up to now, no satisfactory modef has been
oronosed for the prediction of such a complex behaviour
Jjustifies the need for further research in thlis area.
From the results of the oresent investigation, the follow-
1ng topics are suggested for future work:

1} The effect of the extent to which twinning can
occur during the straining of a polycrystalline aggregate
should be studied in detail since this process strongly
affects the develoopment of the texture.

2) In the case of material with a texture similar
to that of the axial specimens 1in this work, the effects

of basal pole reorientation should be studied in a quanti-

SRR trre e
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tative manner, especially as regards the effects of
température and strain rate. This work should be suppor-
ted by X-ray and electron diffraction studies on speci-
mens deformed to different strains.

3) Such studies should be carried out under stress
and strain states more representative of actual fabrica-
tion and operating conditions for this alloy: e.g3. plane
strain compression and tension, and pilaxial stressing.

4) Studies of flow localization due to shear band
formation and the effects of changes 1n the strain path
on the localization of shear could lead to a better
understanding of the fracture and flow softening behaviour

of the present material.
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<@ REM
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40 REM

100 REM ———mmmm e e e e e e e e e e  — — ——————————
260 REM

380 REM CONSTHANT TRUE STRAIN RATE COMPRESSIOM TEST

4 4

580 REM PROGRAMMED BY ARMANDO SALINAS RODRIGUEZ

600 REM

700
580

gEﬁ REVISED WITH THE RSSISTANCE OF RICHARD BERGLY OF MTS
EV

IO REM == = o e o e e o

1800
1106
1209
13209
14009
1506
1600

vaa
1300
1900
2640
21006
2200
2300
2400
2500
2600
279008
2800
2500
3600

DIM P(220).90220),40405),57(22@>.E2(220).P3 22a >
AULY
FG1(B)
SWic2)
CHTRCZ)
PRINT "WOULD YOU LIKE TO RECALL DATR FOR PLOTTING 7 (Y OR 'CR'H"™.
égﬁUT I1s

PRINT "TEST I D “.“.INPUT N$¢

PRIMT “MATERIAL . INPUT Mf

PRINT "HEAT TRERTMENT ", - IHPUT Hs$

PRINT “TEST TEMPERATURE " .  INPUT T$

PRINT "TOTAL STP&IM ", IHPUT E

PRINT "TRUE STPHIMN RATE (1SECT " . NINPUT EI
PRINT "STROKE FPAHGE «MM)". . INPUT RI

PRINT "LORD PAHGE ¢LBS)> " .° INPUT R2

PRINT "“SPECIMEH HEIGHT «MM " ~IHPUT LO <
PRINT “SPECIMEH DIAMETER MM . I[NPUT 0O .
AB=P1%0B~2- 4

"96T



318Q T=E- E1\k=2047 - R1\K]1=2047/R2

3200 IF I18$C"Y" THEN 28008 i
3204 GOSUBR 19909

3460 50 TO 11300

IFAQ REM —mmm o e e o e e e e e e e e e e e e
%E‘;QC\ ggfp‘ CALCULATE FUNCTION GENERATOR PARAMETERS

38% IF T>200 THEN 4600

3900 N=200

4800 IF T>=108 THEN 4700

4100 IF T>=50 THEN 48049

4268 IF T>=10 THEN 4500

4380 IF T>=5 THEN 4500

4400 R=100 A4=0\N=108 GO TO 5000

4380 R=50\p4=1 GO TO 50600

4609 N=4080 R=1\A4=7\GO0 TO S000

4788 R=5\A4=3G0 TO 5000

4860 R=18\Ad4=4 G0 TO 35000

4900 R=20\A4=2

2000 X(1)=4@893xN/T/R/2

5168 U=T

5200 v=10

3300 Y2=INT(9%Y+.3)

9400 REM -- -

3300 REM SET UP THE SYSTEM
5680 REM
95708 CHTR(I)NMSWI(2)\FG1(8)

9800 PRINT "CHECK THE FOLLOWING: "“\PRINT

5900 PRINT "DC ERROR IS 8"

6008 PRINT "REMOTE-LOCAL SWITCH TO REMOTE"

6108 PRINT “SPAN 1 IS AT ZERO"

6200 PRINT "STROKE CONTROL"“\PRINT

6300 PRINT “PRESS RETURN TO CONTINUE";NINPUT F$\PRINT
6408 PRINT “TURN ON THE HYORAULICS"\PRINT

6588 PRINT "SET 'SPAN 1' TO i@"




6600 PRINT \PRINT "PRESS RETURN TO CONTINUE", INPUT F$.PRINT
BPBB REM == m = m e o e e e

6300 REM DUMP CHECK

BIOB REM = === m = o e e e e
009 EDMW

7108 SOMPC1,AXNIF A=0 THEN 7800

7208 PRINT "DUMP CARD PROBLEM. UNABLE TO FIMISH TEST "

7300 PRINT “PRINT "TURN OFF THE HYDRAULICS "
7408 STOP

7500 REM ————-—m e e e e e
7600 REM EXPERIHENT STARTS

77908 REM —— e e e e e e
7808 PRINT "IS THE PISTW IN TI-E RIGHT POSITION ?";NINPUT R2$
7908 IF A2¢<("Y" THEN 7800

8008 DACX0O,S51.,2,0)>

8108 FOR 1=2 TO N+2

8208 X( I >=KXLOX(EXP(-EX(I-2)/N)-1)>+S1+ SNNEXT |

8300 X=N+2

8408 TIMEC(Y.E9\DACK 3.P.0.UXDACE.,S,2.2)

8300 FG1(X,1,7,A4NSTAR

8600 IF P(=100 THEN 8600

8708 QUIT(1 ) \P=101\S=P

8800 TIME(YZ2,EB8)\STAR

8908 BUF1(Z)\IF Z2>-1 THEN 8500

9000 QUIT

9100 REM - ~-- EXPERIMENT IS FINISHED --- -~ -
9200 0ACO(B.54.2,0)

93008 REM RETURN PISTON TO INITIAL POSITION ----ew—--
9400 FOR I=S4 TO ©
9508 FGIC1I)
9600 MNEXT 1
9700 PRINT "YOU CAN TURN OFF THE HYDRAULICS NOW"
9800 PRINT “HIT A 'CR' WHEN REARDY",\INPUT C$
9%0 PRINT "WOULD YOU LIKE TO STORE THE DATAR 7" .NINPUT C$
10000 IF C$<"¥Y" THEN GO TO 11388
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LO1B@ REM == === = o s o o e e e e o e

10280 REM STORING EXPERIMENTWRL DATA ON R FLOPPY DISK

18300 REM —--mmmmmm e e e e e e e e e e e e e
1840@ FOR I=P+2 TO 3 STEP -1N\P(I)=PC(I-2)\NEXT I

105008 P( 1)=P\P(2)=S1\P=P+2

10620 OPEN "DX1:"&N$ FOR OUTPUT RS FILE #1

16708 AOUTC(P,1,0.E4>

10880 AOUT(S.1.,1,E5)

10968 CLOSE #1

1000 REM ———————=

1

111090 REM CALCULATE TRUE STRESS & TRUE STRRIN
11200 REM

11308 U=0 .
11488 FOR I={ TO P

11588 L=ABS(P(1))>%9.81-K1/1000-2.20846

11608 L1=6.358960E-03%L~2-.8164243%L

11780 L2=(S(])-S1)/K

11750 L3=Lo+e-L1

11900 E2( I )»=-L0G(L3108)

11810 S3(1)=1000%L % 3-78-10

11820 PRINT S3(1),E2(1),L,L2,L1

11840 IF WIKSX 1) THEN U=S3(1>

11860 NEXT 1

11908 PRINT “"MAX. STRESS : “U

i% %NT "ENTER MAX. STRESS LEVEL FOR SCAL";\INPUT U

122060 REM PLOT TRUE STRESS US. TRUE STRARIN
12308 REM e e e e e e ——————-
124808 CNTR(INCNTR(@)\PHYL( 100, 508,80, 700>

12500 SCAL(8,8.E.,0,U)CNTR(2)\PLOT(0.08)>

12600 LABL("TRUE STRAIN","TRUE STRESS MN/-M~2", 1,50.1)
12708 LABLC" ", ", . 85,18, 3CNTRCONPLOT(O, 0>

12888 PLOTCE,@)\PLOT(E,UXPLOT(B,U>\PLOTC@,B)\CNTR( 1>
12908 COMMC *SAMPLE #",  SXE, .96XUX\PRINT N$

13000 COMMCMS, SXE, 92xUXNCOMMC(H$, SXE, . 9%U>
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13100 COMMUTS. SXE. 3T¥UL COMMC "STRAIMN RATE" SfE. 234U

13200 PRINT EISNCOMM " ~SEC". 3%E. S34U . CHTRCZ

133003 PLOTCQ, 0 CHTP. Q) \

13402 FOR I=1 TO PNMAFK: “+" E20 Y. STr Ty v HEXT |

17500 CHTRC2O“INPUT F$& .CNTRc 3>

12530 PRINT "“bnS THE STRESS LEUEL CH. 7 . IHFUT Js

12780 IF J§. "Y' THEH 12000

13583 CHTRC 3D

13380 PEM — == m o o e e e e e e e e e e e e
{4303 REM PLOT INITIAL YIELD PEGIOH

14160 REM ———————m e e
13200 PRIMNT "TO PLOY THE IHITIAL NIELD REGIODN HIT A 'CR'" . INPUT C$

14300 PRINT "ENTEK Mar STRESS LEYVEL FORP SCaL". INPUT U

14400 PPINT "ENTER MR~ STRAIH FOR SCRL". ITHFUT ES

14508 CNTR 3)

14500 CHTRCQ) -PHYL« {98, 360.80. 700

1476003 SCAL(0,0,ES.8.- U CHTR 2 WPLDT 0.8

142802 LABL "TRUE STRAIN" . "TRUE STPESS MH-M~Z" ESS.U. 10.1)H

14300 LaBLC" . " ES-10,U-50.3 NCNTR(BPLOT Q.0 PLOTC Q. L)

15909 PLOTCE, U PLOTCE,Q» PLOT G,0) .CHTRC1

15100 COMAC"INITING YIELD PEGIOH" .ES-~2. 965

15200 COMMY "SWMPLE #" .ES- 2. 92FUONPPINT Nt .CHTR 2>

15300 PLOT(O,0) -CMTF O)

15490 FOR I=1 TO PMARKs "+" E2( [ ). ST TH>NNHE!T 1

15509 CHTR 2 IHPUT FICHTR: 3 ~CMTRC 1)

19600 PRINT "WRS THE PLOT OF 7", IHPUT H¥$

15700 IF H$<"v" THEN 143200

15800 PEM == e e e e e e e e e
159008 REM PLOT TRUE STRAIH US TIME

16000 REM -~ =~ e e e e e o
16108 U=T

16280 CTHTRC 3 »CHTR(O ™ PHYLC 100,988, 8. 704

16300 SCAL(D,0,T.,0,E CNTRC2Y PLOTCH 1

16460 LABL("TIME", "TRUE STRaIN" T..18. 1.1

16580 CHTRCB ) »PLOT(Q,8» PLOTT.0 PLOTC(T.E “\PLOT(O.E>

T00Z



166080 PLOTC(Q, @ \CHTR( 8 )\R8=0

16700 FOR 1=1 TO 100

16880 AB8=A8+U- 1000 MARK(" ".AB.E2( I ))\NEXT 1

1690@ FOR 1={81 TO P\AB=A8+9%V. 1000

170098 MARK(" ".A8,E2C I »NEXT 1

17188 CNTRC 1 \COMMC "STRAIN-TIME". 6XT, 96%E)

17208 COMMC“SAMPLE # . 6XT. 92%E>PRINT NS

17308 REM ————————o——- e e e e e

17400 REM PLOT LOARD US. TIME
17560 REM ————- -

17600 CNTR(ZNINPUT F$\CNTRC I NCNTR( 1)

17700 PRINT “ENTER ESTIMATED LOAD LEVEL IN LB FOR SCAL";\INPUT F
17808 CNTR(I ) CNTR(B)\PHYL( 108, 900,80, 700>

17980 SCAL(8.0.7,08.F X \CNTR(2)\PLOT(0.8)>

16008 LABL(“TIME","LOAD",T/10.F/26,1)

18100 CNTR(®)\PLOT(0,08)>\PLOT(T,8)\PLOT(0,8>

18208 PLOT(O.F)\PLOT(8.0)>

18308 CNTR(@)\A8=4

16400 FOR I=1 TO 100

18508 AB=AB+U/1688\P3C I >=ABS(P( I ) )/K1

19600 MARKC(".",RA8,P3CI ) )\NEXT I

187808 FOR I1=181 TO P \ABG=AB+9%U/ 1000

186000 P3C1>ABS(PC 1))/ K1 \MARKC(" . “,A8,P3( 1 >>\NEXT I

18900 CNTR(1 )COMM “LOAD-TIME", . 7XT, . 56XF )

19008 COMMC “SAMPLE # “, .7XT, .92%F )\PRINT N$

19188 CHTRC(Z2\INPUT F$\CNTRC 3 )N\CNTR(1)

19200 PRINT "WAS THE LOAD LEVEL RIGHT ?%;\INPUT HW$

19308 IF We(“Y" THEN GO TO 17700

194008 CNTR(3)>

19508 STOP

19608 REM ——— - e o e e e e e e e e
%9?% g RECALL PREUIOUS TEST DARTA FOR PLOTTING
19908 OPEN "DX1:TEST"&N$ FOR IWT RS FILE "1

20000 AINP(P,1.,0,E6)

Lol
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APPENDIX II

Effect of Machine Curves on Experimentally

Determined Flow Turves
Vhen a spec.msr .« lcaded .. 1 tes*in: michine, the

load 1s transmisreo ¢ e @ntare Sy8tem 1w we Ll 35+ . the

& ~

specimen. Whi:e the Lspec.omen def rms oo, slastoocally

and then piast: rali., *ne rest na system . des. e w0 rhat
1t oni o der srme elase g calily Tarie A-L 117e s tne o osana's
modulus ¢ Pxeeol aliny, 1. 3 tancrion 8 sr,ertaty r within
the tube. As  Tan e seen, ¢ ooung's mod il L - 1 ah emouah
that the eliast, der rmat: r Ot test spetmens Dorineg a
compresslilor test wiil ne small, of the crder & 10 ,

and the 1nitial slope f the flow “urves shouold pe very
high, in terms f Eijiﬁji strain. Because *f the ar.sotropy
of Young's modulus, *he slope of rhe loading -urve varies
wlth specimen orientat:on. Figure A-1 shows the t{l1ow curve
for an axial specimen teste:d at room temperature and a
strain rate of }.O_ls”1 as obtained after the exper.ment;

1t can be seen that the i1nitial slope 1s not very high.

It was therefore decided that a correction should be made
for the effect of machine compliance; this term refers to
the elastic deformation undergone by the testing system as

a result of i1ts reaction to the force applied to the speci-

men. Any element in the system, such as the loading frame,
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the tungsten compression tooling, the stainless steel

extension rods, load cell, actuator, etc., contributes to
the compliance of the load train.

As mentioned in Chapter 4, the crosshead or actuator
velocity 1n the system utilized to carry out this work is
decreased exponentially to allow for the decrease 1in
height of the specimen. However, the actuator velocity 1s
kept constant within each segment created by the Hardware
Segment Generator (which 1s part of the processor inter-
face). Thus, at any given instant within a segment, the
testing machine applies a constant total displacement rate;
that 1s, the sum of the elastic displacement of the speci-
men, the plastic displacement of the specimen, and the
displacement (opposite 1n sign) resulting from the elas-
ticity of the testing machine 1s held constant. Thus, if
the actuator velocity hs v, then after a time 1nterval 't
the total displacement of the actuator 1s vAt and-thls must
be equal to the sum of the elastic displacements of the
specimen and machine and the plastic displacement of

the specimen during the same interval,

_ AF Adc-L A .
vat = R + B + A,p L (Al)

where AF increase in applied force during At
K = elastic compliance of the testing system
Ao = increase in stress on the specimen during At

E = Young's modulus of the specimen

. e arwmen e ¥ K aoe e




increase in true plastic strain during At

-*

AEP
L = 'instantaneous'height of the specimen.

Thus, solving for Mgy
bey = - - F - % (a2)

It is therefore evident that the plastic strain increment
is affected by both the elastic strain increment in the
specimen as well as the incremental elastic compliance

of the test system.

Figure A-2 shows a schematic diagram of the effect of
machine compliance on the determination of the current
height of the specimen. As can be seen, the position of
the specimen/compression rod interface, which 1s a measure
of the specimen height, 1s determined at the uppermost
end of the loading train by the LVDT connected to the
actuator. Thus, 1f S1 1s the initial position of the
actuator 1n machine units (2047 m.u. = 10 mm) and 1ts posi-
tion after the interval At is S(1), also in machine units,
then the ram displacement (in mm) is given by

si) - sl (A3)

dr = K

where K (=2047/10) 1s a calibration factor f£or the LVDT
that depends on the range in which the associated transducer

conditioner is operated (range 4 in the present case).
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Note that dr is a negative quantity as G(i)! > sl
and both are always negiﬁfie during a compression test.
This ram displacement 1s equal to the 1instantaneous change
in height of the specimen Ah, plus the small elastic
displacement due to the compliance of the system dm
represented 1n Fig. A-2 as the single contributions of the

upper and lower anvils:

dr Ah + dm (A4)

!

h

i

ho + dr -dm . (A5)

where dm -depends on the load applied to the system. The
functional relationship between dm and the load was deter-
mined experimentally for the testing system. This was
carried out by loading the system in the absence of a speci-
men and selecting the load cell output signal as the
controlled variable. With the aid of the computer and using
the FG1 (ARG 1) routine, 1increasing loads were applied to

the system and the displacement was read out with the aid
of a multimeter. The following relationships were used to
obtain the Galues of load and displacement from the multi-

meter read A

t

2047 machine units -10 V= -10 mm
(A6)

-10 V = -100 KN

2047 machine units

Table A-2 and Fig. A-3 give the results and the

calibration curve obtained; it can be seen that the cali-
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bration curve is relatively linear, as may be expected

for elastlc behaviour. Nevertheless, a second degree
polynomial was fitted to the experimental data and very
good correlation was obtained. The functional relationship
between load and displacement characterizing the elastic

compliance of the testing system 1s given by
dm = 6.058962 x 107° F% - 0.0164243 F (A7)

As mentioned earlier, Eq.(A7) confirms that the elastic
compliance of the testing system 1ncreases as the load 1is
increased. Equation (AS) indicates that the i1nstantaneous
height of the specimen 1s larger than the value cbtained
directly from the LVDT readaings, 1.e. h - ho + dr, so that
the current area of cross-section 1s smaller than the value
obtained when the compliance 1s neglected. Thus the
corrected flow curve shown 1in Fig. A-1 1s displaced to
the left and the stress for a given strain 1is higher than
in the uncorrected curve. This 1s a direct result of the
underestimation of the cross-section of the sample mentioned

above.
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Table A-1. Young's Modulus for Excel alloy

Direction Youngs' Modulus (GPa)
Ax1ial 94.8
Radial 94.6
Circumferential 103.0

Table A-2. Effect of load on the elastic

compliance of the testing system

Load (KN} Displacement (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
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