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DVI THI, MANUFACTURE OF ZIRCALQY AND
STAINLIESS STIIL CANNING TUBLES

Sandvik - Sandviken - Sweden

by Mr. B, Larsson, Sandvik, Sandviken, Sweden

ABSTRACT

Quality requirements on canning tubes for nuclear service are probably the

most exacting which a tube producer may encounter today. A satisfactory qual-
ity level must be based on a carefully selected production sequence and a well-
-cstablished quality control and assurance system. The lecture presents a
survey of the normally used manufacturing methods from raw material in the
form of sponge to finished canning tubes. The influence of production para-
meters on the properties of Zircaloy canning tubes is discussed and the methods |
of non-destructive and destructive testing are reviewed. The paper mainly
deals with Zircaloy. However, most of what is said can also be applied to
atainless steel,

INTRODVCTION

The demands on the integrity of the canning tubes in a thermal reactor are very
high., The reasons for this are obvious. Leakage in the fuel elements may lead
to serious disturbances in the operation of the reactor and the economic loss
connected with a shutdown is very high.

Fig. 1 is a summary of requirements on the canning tubes with regard both to
the manufacture of fuel elements and to their use in the reactor., As can be
seen, some of these requireinents appear in more than one place, e.g. low
impurity levels in the material, good dimensional accuracy and cleanness.
Very important for the use is @f course freedom from defects and the combina-
tion of strength and ductility of ihe canning material,

In the following an attermpt will be made to present the ways of fulfilling the de-
mands in canning tube production. Aspects on production sequences and on
facilities used in production, inspection and quality control are the main topics.
The survey will in the first place deal with Zircaloy tubing but since the pro-
duction routes and the equipment used in most cases are the same, most of
what is said about Zircaloy is applicable also to stainless steel,

N
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MANUFACTURE OF ZIRCALOY

The main operations in the production of canning tubes in Zircaloy from sponge
are shown in the block diagram in Fig. 2. To be able to meet the specified
analysis on the ingot, we must have sponge with very low contents of impurities,
especially of those with high cross section for thermal neutrons, for instance
if.

Uniformity in analysis within the sponge lots is also important. The alloying
elements of which oxygen is an important one are added to the sponge.

The pressed briquettes are electron beam welded to form an el%ctrode which is

melted in a high-vacuum arc furnace at a pressure of about 10"° mm Hg. This
operation is done twice to ensure uniformity and homogeneity in the final ingot.
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Zirconium has a hexagonal lattice at room temperature, In pure Zr this o-
phase is stable up to 862°C where it transforms to the face-centered cubic B -
Zr. In the commercial alloys this transformation takes place over a tempera-
ture range where the material contains o + 8, Fig. 3.

Forging of Zircaloy is done in the o +8 or the B-region. The equipment can he
quite conventional., However, one must be sure that the heating conditions are
such that no harmful diffusion of gases into the material takes place. The
atmosphere should be slightly oxidizing., During cooling of the ingot and also
after forging a secondary phase rich in the alloying elements Sn, Cr, Fe (and
Ni for Zircaloy 2) will precipitate (Fig. 3). If this precipitation is not uniformly
distributed in the material, it will have a negative influence on the corrosion
properties, Therefore a B-quench is performed, i,e. heating to the B-region
(~1050°C) and quenching.

The extrusion billets are prepared by drilling and turning, They are normally
clad with copper to protect against surface contamination during heating and
also to facilitate the lubrication during extrusion, The copper is removed after
extrusion by pickling in nitric acid.

Extrusion is done in the o-region, i,e. at a temperature lower than 825°C.
The microstructure of an extruded Zircaloy tube is shown in Fig. 4.

Cold working of Zircaloy tubes is normally performed as pilgering, Cold
drawing is not used, because of the pronounced tendency of zirconium to gall
and seize in the die which makes it difficult to find suitable lubricants. Besides,
drawing is considered to give an undesirable texture in the tube wall, which
will be discussed later. Pilgering can be performed with area reductions up to
80%.

R
All annealing operations must be carried out in vacuum lower than 10"3 mm Hg
to prevent contamination of gases., The temperature of the intermediate anneal-
ings is around 650-700°C, To meet different requirements on mechanical
properties the final annealing temperature may vary between 475-575°C,

-

In all stages of the production process the surface quality of the tubes must be
carefully controlled, Surface conditioning of the finished tubes may involve
inside vacuum blasting and acid flushing and outside belt grinding and pickling,
The aim of all surface conditioning of finished tubes is to give them a surface
with favourable properties with regard to corrosion resistance after autoclave
treatment, Low surface standard will lead to a grey r white oxide layer in-
stead of the desired black homogeneous surface.

Vacuum blasting and belt grinding are normally done with SiC since the use of
Al,03 may lead to the undesirable formation of zirconium oxide according to
the formula

3Zr+2A1203—)3Zr02+4A1

This is especially important if the mechanical surface treatment is not followed
by any removal of material by pickling.

Pickling is done in a HF-HNOj3-bath where the HNO; to 11} ratio is around
10:1. The HF content is normally 2-3%. The result of the pickling operation is
very much affected by the time between the pickling and rinsing operations and
also by the efficiency of the rinsing. Unsufficient rinsing may lead to white
oxide spots due to fluoride residues on the surface. '



MECHANICAL PROPERTIES OF ZIRCALOY CANNING TUBES

The mechanical properties of the canning tubes mainly depend on the following
“three variabless

texture,

area reduction in the final rolling,

final annealing temperature.

Cold working of tubes by pilgering or drawing gives the material a texture
where the c-axes of the crystals, i,e. the basal poles, are oriented in a direc-
tion perpendicular to the longitudinal axis of the tube. The direction of the
basal poles within that pline can be affected by changing the so-called Q-value.
This value is defined as the ratio between the reduction in wall thickness and
the reduction in diameter.

q.-0"49 Do
to Dy - Dy
where :
tg = wall thickness before cold working
t, = wall thickness after cold working
dO = average diameter before cold working
D, = average diameter after cold working

A high Q-value, i.e. heavy reduction of the wall and little reduction of the diame-
ter, will lead to a textur« where the basal poles are oriented mainly in the
radial direction, while a low Q-value (which is normal in drawing) will lcad to
tangentially oriented crystals (Fig. 5).

In practice, variations in the Q-value are obtained by rolling on mandrels with
different conicity, Since the c-direction is the '"hard direction' in the crystal,
rolling with a high Q-value gives a tube with high hardness in the radial direc-
tion and rolling with a low Q-value gives high hardness in the tangential direc-
tion,

When deciding the Q-value one also has to take the hydride orientation into con-
sideration, Hydrogen is absorbed by the tube in service and precipitates during
cooling in plate-like hydrides, These hydrides precipitate in the direction per-
pendicular to the main working direction in the last cold working operation.
This means that cold working with a very high Q-value gives tangential hydrides
and cold working with a very low Q-value gives radial hydrides. This is illus-
trated in Fig. 6. As the hydrides reduce ductility and may initiate cracks, the
canning tube users normally specify - a hydride orientation that must not d1ffer
t6o much from the taﬁgentiai. )
The other factors influencing the mechanical properties of the finished tubes
were area reduction and final annealing temperature. Fig. 7 and 8 illustrate
how yield strength and elongation are affected by these factors. For high area
reductions the mechanical properties change very rapidly with annealing tem-
peratures around 500°C. In some cases the requested mechanical properties
necessitate annealing in this temperature range, giving a partially recrystal-
lized material,

In such cases the exact annealing temperature must be determined individually
for every lot of tubes, Furthermore, the temperature accuracy of the annealing
furnace must be very good better than ¥3°C is necessary in some cases.

Very often transverse properties are specified., These are usually determined



by burst testing with an inside overpressure., Burst testing can be done with
open or closed ends (Fig., 9) and it is important to define which method shall be
used. The closed-end testing gives a stress ratio of 2:1 between the tangential
and axial direction. This method gives substantially lower values on transverse
elongation than the open-end method which gives a uniaxial tangential stress
in the tube,

STAINLESS STEEL CANNING TUBES

The English AGR is practically the only type of commercial thermal reactor
using stainless steel for cladding. The material used is a niobium-stabilized
20Cr/25Ni austenitic steel, The production sequence for canning tubes in stain-
less steel is very similar to that given for Zircaloy. In order to get a very pure
steel free from harmful inclusions, the steel is melted twice, first in an induc-
tion furnace with very pure raw materials and then remelted in the same type
of furnace as is used for Zircaloy, the vacuum arc furnace.

Although the hot working temperatures differ, the methods used are the same.
This also applies to cold working where, however, drawing is used more than
for Zircaloy. Canning tubes in stainless steels are often delivered in the cold
worked condition (area reduction of 15-25%) to give the tubes a higher initial
yield point than what is possible to reach with the annealed condition,

QUALITY CONTROL
General
The high quality demands on canning tubes are reflected in the specified limits

for dimensional tolerances and defects., Tolerances are specified either for ID
and OD with a minimum wall thickness or for ID and wall thickness,

Normal tolerances are: for ID 0,04 mm
for OD 1 0,05 mm
for wall thickness T 10%

The demands on freedom from surface defects, cracks, etc. are very stringent.
The rejection level is often very close to what is possible to detect with relia-
bility with the most advanced testing methods and equipment.

It is not possible to make a high-quality product only by very accurate final
inspection. The quality of the finished product is a function of the processcs by
which it is produced. In other words, proper processing methods and an exten-
sive in-process control are necessary means to establish good guality,

In-process control

Besides the chemical composition, which is controlled on samples from the
top, middle and bottom of every vacuum melted ingot, there are many factors
to control. In the forged bar stage, an ultrasonic examination is normally per-
formed to ensure that the material is free from internal defects. Furthermore,
in the preparation of extrusion billets the centrec part of the bar is removed by
drilling. In the production sequence for canning tubes, intermediate inspec-
tions with control of dimensions, surfaces, etc, are frequent operations, How-
ever, the process control shall not only inspect the tubes after operations like
extrusion, cold rolling, annealing, ctc. It is preferable to make spot checks in
the course of the operations so that possible discrepancies are found and
adjusted at an early stage.
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Final inspection

Before being qlnppul to the customer, the canning tubes pass an extensive final
inspection where tolerances, freedom Ixum defects, specified propertices etce,
are checked (Fig. 10), Defective tubes are sorted out and, if possible, recon-
ditioned and rechecked, If that is not possible, they are scrapped.

The tolerances on the inner and outer diameter are relatively close and it is
necessary to control the diameters along the entire length of every tube.

The measnuring of diameters is done using air gauges or electro-mechanical
pauges, The air gauge is unexpensive and accurate but slow and gives a mcan
vilue over a relatively large section of the circumference. The electro-
-mechanical gauge is more expensive but fast and very flexible. It also meas-
ures a more true diameter as it measures the distance between two points in
contact with the tube surface and can register very local variations in diameter.
The result of the test is normally recorded on a chart,

I'or the detection of material defects a 100% ultrasonic testing is specified by
all customers, The calibration of sensitivity and rejection level is done against
in- and outside standard decfects for which form, length and depth are pre-
scribed by the customer,

Normally the rejection level is set equal to the amplitude of the signal from the
standard defect (100%) but 75 and 50% of this amplitude are sometimes speci-
ficd as the rejection level. Simultaneous testing for longitudinal and transverse
defects is always requested. The standard defects can be down to 1 mm in
length and the depth is normally 10% of the tube wall, They arce made cither by
machining with a special tool in a lathe, or by the electrical discharge method.
The fact that the standard defects are so small may lead to disturbances from
a tube not perfectly cleaned or from an uneven grain size in the material, The
latter case is something which especially must be taken into account when
stainless steel tubes are tested, The testing is made in four directions, with
two transducers each for longitudinal and transverse defects (Fig. 11).

The tube surface is scanned along a helical line with a pitch determined by a
demand for a certain degree of overlapping. The signals from defects are re-
corded. To check the calibration, a tube containing the standard defects is run
through the test unit at constant intervals, e.g. once every half-hour.

The wall thickness of the tubes is normally checked simultaneously with the
defect control since it is performed by means of an ultrasonic resonance
method. Calibration of this equipment is done by means of minimum and maxi-
mum wall thickness samples according to the specified tolerance limits.

The normally required destructive tests are also listed in Fig., 10, Check
analyses for oxygen, hydrogen and nitrogen are requested to establish that no
harmful contamination has occurred during the manufacture. Tensile testing is
performed both at room temperature and at elevated temperature, normally
the operation or design temperature, The burst testing for circumferential
elongation has already been dealt with in connection with the mechanical proper-
tles. A standard autoclave test is always performed It takes place in steam at
400°C for 3 days, and afterwards the weight gain of the samples is measured.

The hydride orientation is normally determined after loading the samples with
hydrogen to a content of 100-200 ppm. Hydride orientation is usually specified
by the F,-number, defined as the ratio between the number of radial hydrides
and the total number of hydrides observed in a transverse section of the tube.



The results of all tests are compiled in a certificate for every lot of tubes. This
certificate is sent with the material to the customer.

FINAL REMARKS

A considerable part of the costs for the finished tubes lies in inspection and
control. This is a natural consequence of the very high demands on the mate-
rial which necessitate the use of technically very advanced methods for testing
and inspection as well as for production.

Of course, there is a mutual interest from the supplier and the user to keep the
total costs of the product down as much as possible. The best way to achieve
this is an intimate contact and cooperation in such specification questions as
properties and tolerances but also concerning methods and the extent of control,



l. Requirements with regard to the manulacture of the fuel elements
a) Dimensional accuracy (ID and OD)
b) Adequate straightness

¢) Proper cleanness

2. Requirements with regard to the application
a) Low cross section for thermal neutrons
Analysis - low impurijty level
Thin wall

L) Adequate strength and ductility, determined by
Oxygen content
Tensile strength and ductility
Transverse ductility
Hydride orientation
Freedom from defects

Dimensional accuracy (excentricity)

¢) Good corrosion resistance to the coolant
Low impurity levels
Favourable microstructure
Adequate surface finish

Proper cleanness (e.g. freedom from fluorides)

Fig. |
Requirements on canning tubes

Stage of production Operations Approx, sise, mm
Sponge
| Alloying
Pressing
Briquette
P_w weldin'
Electrode
‘ Vacuum arc-
melting, 2 x
Ingot @ 500
Bar T ———— @ 125-150
Drilling, turning
M
Copper cladding
Extrusion billet
Extrusion
. Removal of Cu
Extruded hollow @ 40-60 x 5-8
Cold pilgering
with Intermediate
annealings
Prerolled tube
Final cold rolling
Final annealing
Surface conditioning
Final inspection
Finished tube ©10-15x 0,4-0,9

Fig, 2
Production sequence for Zircaloy canning tubes



TRANSFORMATION TEMPERATURES o === B

Zirconium 862°C

Zircaloy-2 Heating 825-985°C
Cooling  945-780°C

APPROX. COMPOSITION OF SECONDARY PHASE IN
ZIRCALOY-2

Fe Ni Cr Sn Zr
7 1 1 1.5 83.5 Weight-%
Fig. 3

Fig. 4 '
Microstructure of extruded Zircaloy tube, transverse section. x 800



Texture after reduction of

diameter (low Q) wall thickness (high Q)
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Fig. 5
Variation in texture with different Q-values
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Fig. 6
Variation in hydride orientation with different Q-values



Yield strength o, , kp/mm
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75 % area red.
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Fig. 7

Mechanical properties of Zircaloy as a function of annealing temperaturc
and area reduction

Elongation in 2", %

40
30 40% area red.
20 75% areared.
400 500 600 700
Annealing temperature, °C
Fig., 8

Mechanical properties of Zircaloy as a function of anncaling temperature
and area reduction
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Principles of open-end burst testing and closed-end burst testing

Samples for

destructive testing

Destructive testing

Visual inspection
Chemical 1
analyrin

ID/OD-inspection
Tenaile
testing ' l
Yy tlltrasonic inspection
tenting
Surface Cutting to fixed lengths
roughness l.ength control
Micro- [
examination Straightness control
Corrosion ) 1
tent

Cleaning
Hydride l
orientalion

Visual inspection

Certificate | L
Packing

To customer

Fig. 10
Final inspection and testing of canning tubes
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Kristor Killstrom

Texture and anisotropy of zirconium
in relation to plastic deformation

Abstraat, Pomible modes of plastle deformation of tubular materials
aro analyzed gonornlly, Basod on symmetry considerations upplied
to known textures’ of zirconlum wire and strip, textures of
#irconfum tubos ure prodicted an resulting from a wide range of
deformation modox, Thin is made possible by focusing on the main
foature of lexture, Lo, the orlentation distribution of bussl poles. A
relatlon  bhotweon  texture and the mochanical anisotropy of
zircontum In doveloped, and rules aro suggested for softoning and
hardening cauned by texturo change. Exporimontally, Zircaloy tubes
were deformed by various techniques. The resulting toxtures were
defermined by Xeruy diffraction and the mochanical anisotropy by
Knoop-hardnoss mmeasuremont, Fach dotormination is condeinsod
into two reprosontative figures, one describing the typo of texture or
anisotropy and the other describing the sharpness of texture or the
degreo of deviation from isotropy.

The experiments verify the predicted relation between type of
texture and mechanical unisotropy, and also indicate how degreo of
anlsotropy depends on sharpnoss of toxture. Changos in texture sre
investiguted In rolation to plustic deformation, and further refined
rules are derived for the direction and rute of these changes. Tho
initially predictod textures are concluded to be stable, i.e., they are
reached only after a certain degree of deformation. Zircaloy tubes
of threc different toxtures wore subjected to tensile testing,
closed-ond burst testing and open-end burst testing. Tho observed
texture-softening phenomoenon corroborates the rules suggosted and
is considered to commonly occur, as opposed to texture hardening,
which requires special combinations of texture and testing method.

Résumé, Les différents modes do déformation plastique possibles
dann Jox tubes ont été anulysdn d'unc fugon générale, Ln we basant
sur des considérations do symétrie appliquées aux textures connucy
pour lo zirconium en fil ¢t en bandes, la texture des tubes de
zirconium résultant de divers modes de déformation a é1¢ prédite.
Cocl ont possible sl I'on tlend surtoul compte don prinvipes de n
texture, c'ost d dire, la distribution des orlentations des pdles de
buse. Une relation entre la texture et I'anisotropie du zirconium cst
dévoloppée, et des rdgles sont suggérées pour I'adoucissement ct I
consolidation dfis & un changement de texture, Dans les expériences,
les tubes de zirconjum ont été déformés par plusieurs modes. Les
toxtures résultantes ont 616 déterminéos pur la diffraction des
ruyons-X. ot [l'anisotrople par dex mesures de dureié Knoop,
Chacune de ccs déterminations est représentée dans deux figures,
'une décrivant le genre de texture ou anisotropie, I'autre décrivant
la netteté de la texture ou I'écart du caractdre isotrope, Les
expériences vérifient la relation prévuc entre la texture et Paniso-
tropio, Les chungements de texture sont examinés cn fonction de la
déformation plastique, et d'uutros régles plus rigourcuses sont
dérivées pour la direction et la vitesse dc ces changements, On
conclut que les textures prévues initialement sont stables, cest 3
dire qu'elles ont licu aprds une certainc déformation, Des tubes de¢
Zircalloy de trois textures différentes ont été soumis & des essais de
traction, des essais d’éclatement a extrémités ouvertes ou fermées.

Le phénoméne d'adoucissemncnt observé, causé par la texture,
¢kt en uccord avec les rdgles suggérées ot est généralement présent, ce
qui n'est pas le cas du durcissement causé par la texture,
durcissement nécessitant des combinaisons spéciales de texture et de
méthodes d’essai,

The hexagonal close-packed (hcp) metal zirconium has a
crystal lattice with a unique direction, the basal plane
normal or basal pole {0001], implying a pronounced
anisotropy. This results in plastic deformation that occurs
either by slip or twinning. The slip systems are of the type
{1010} <1210) with all slip directions perpendicular to the
{0001]. Thus tension or compression along {0001] can not
be sccommodated by slip. Instead, twinning occurs and this
requires a higher resolved shear stress than slip, making
[0001] a strong direction of the crystal. The anisotropy of
zirconium single crystals is present in the polycrystalline

metal, which normally is heavily textured and has
anisotropic properties. This is of special importance to the
mechanical properties of Zircaloy tubes in their use as fuel
sheathing in nuclear reactors (Table I). In Zircaloy the hcp
alpha phase is dominant, giving Zircaloy the same
characteristics as regards texture and anisotropy as pure
zirconium. In the following, the word zirconium should be

Tabie I, Alloying elements in Zircaloy-2 and Zircaloy-4, weight per
cant

Sn Fe Cr Ni (v}
Zircaloy-2 1.5 0.13 0.10 0.05 0.12
Krll;ur Killstrbm is with The Sandvik Steel Works, Sandviken, Zircaloy-4 1.5 0.20 0.10 - 0.12
Sweden, . ’ i i
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Interpreted an including, Zirealoy an woll ax other dilute
alloys where the alpha phase is dominant.

Zirconium textures in wire and strip have been recorded
and reported (1,2) und also thoroughly roviewed (3). A
number of investigations (4-9) have illustrated the effect of
the basul pole orientation on such mechanical propertics as
yield strength, strain ratio and ductility in tensile and burst
testing. An excellent study of how the texture of tubes is
roluted to the preceding deformation and heat treatment
has been reported by Cheadle, et al, (10), who concluded
that the buasal poles have u tendency to align themseives
purallel to the direction of muximum comprossive strain.
Hobson (11) and Tenckhoff and Rittenhouse (12) found
the toxture of Zircaloy tubes to be a function of the
@-value of the deformation, ie., the ratio between the
reduction of wall thickness and the reduction of diameter.
However, these studies do not answer the important
quostion of what degree of deformation is roquired to bring
about o chunge in texture. Also, the use of Q-values has
rostricted the range of deformation to reduction in both
wall and diameter. It was felt that much would be gained
by u more gencral spproach, where the main features of
toxture and anisotropy are related to both the mode and
degree of deformation.

The main features of texture arc very hnportant and
these should be iupped before the details are worth
considering. It is usually only the texture that influences
the measuruble anisotropy of the materiul. The main
features mny be regardod as a first-order effect and arc a
direct consequence of the busal pole orientution, whereas
the rotation of crystals around the basal pole contributes to
effects of higher order.

For texture and anisotropy studies, material in tubular
form allows one more degree of freedom than wire drawing
or strip rolling in sclecting the mode of deformation,
because arbitrary changes in both diamecter and wall
thickness are possible. In this work, the principal strain and
stress directions during deformation are parallel to the
principal directions of the tube, ie., the radial, the
tangential and the axial direction, denoted r, ©, 2. Being
parallel makes all anisotropic properties, including the
texture, symmetric with respect to the three principal
directions of the tube.

Texture of zirconium. The textures from wire drawing,
compression of cylinders and strip rolling arc characterized
in a simple way in Table II, both after deformation and
after subsequent recrystallization (1-3). Pole figures provide
 detailed description of textures and since only the hasal
pole orientation is of interest here, only basal pole figures
are relevant, In Figure 1 typical basal pole figures are given
for drawing, compression and rolling where the drawing
axis is 3, the compression axis 1, the rolling planc normal 1
and the rolling direction 3. The rolling deformation process
gives elongation and thinning usually with constant width.

186

Tabhle 11, Textwes in 7irconium
Drawing  Compression Roling
Texture Texture Texture
Deformation texture (oo fooo1} (00 HA0T0)
Recrystallization texture  {1120) {ooo1] (0001)(1120)

This might be regarded as the sum of a longitudinal drawing
and a compression in the normal direction, so that the
narrowing from the drawing is compensated by the
broadening from the compression. Therefore, the rolling
texture is, at least approximately, the sum or the average of
a drawing texture and a perpendicular compression texture.

4 <@2 m

AOLLING
TEXTURE

DRAWING
TEXTURE

COMPRESSION
TEXTURE

Figure 1, Typical basel pole figures of drawing texture, compression
texture and rolling texture,

During recrystallization the crystals rotate 30° around
{0001], which means the basal pole texture is cssentially
unaffected (3). Thus, the hasal pole figures in Figurc 1 are
valid for recrystallization textures as well as deformation
textures and the following discussion of texture and
anisotropy is independent of whether recrystallization has
occurred or not. The duplex appearance of the rolling
texture in Figure 1 is characteristic for highly reduced
zirconium strip. However, in the following discussion only
the main features of the texture will be considered, as
shown in Figure 2.

(LD

DRAWING
TEXTURE

COMPRESSION
TEXTURE

ROLLING
TEXTURE

Figure 2, Basal pole figures of less pronounced or more approximate
textures.

Symmetry considerations

Plastic deformation characterization. The principal strain
directions are parallel to the principal tube directions only
if an entire tube i8 considered before and after deformation,
and there has been no torsion. During deformation the tube

CANADIAN METALLURGICAL QUARTERLY



is-conical, suggosting shour straing and loss of parallelism.
but those strulna nro relatively small und disappear when the
tube rosumen is cylindrical shape. 1t Is justified to assume
that parallelism exists, because the approximation
Introduces no significant errors, and bocause the analyais is
simplor. When a rectangular  parallelopiped with the
dimensions 1, wq, /. is deformed plistically with the
principal strain directions parallel to the edges, it will stay a
rectangular parallelepiped after the deformation but with
the new dimensions 1, w, . At constant volume

!
ln‘_,+lnr-v— +ln— =0 1
to Wo lo
The odges ¢, w, [ are the wall thickness, the circumference
and the length respectively, of a thin-walled tube, and the
logarithmic strains e,, €,, €, give

= e €, = md i €, =1 ! 2
€ = -, =0 e e ne-
r {o @ L dol : Io

where d is the mean diameter. Substituting into Equation 1
gives

e, te,+te =0 3

This means a deformation is defined by only two
independent variables and a function of two variables can
be drawn on a plane diagram. To emphasize the equiva-
lence of the principal directions a triaxial plane 120°
dlagram s chosen, and in the following referred to as the
strain diagram (Figure 3).

Any change in the dimensions of a tube is represented
by a vector in the strain diagram. The size and angle of the
strain vector correspond directly to the degree and to the
mode of deformation. The effective strain e, and the strain
ratio a are introduced (13,14)

2 2 ] 2
€, =\/-1' (€, + g +€;) 4

« = arctan [(e®- e)/ e, \/T] 6

The strain ratio is expressed as an angle a clockwise from
the positive e,-axis to the direction of the strain vector
(Figure 3). This ratio is defined as an angle to underline the
equivalence of all a-values from ~180° to + 180°. The
generality of the definition of « is shown by the fact that,
as the previously mentioned Q-value goes from 0 to 1 to oo,
« goes from -30° to 0° to +30°.

A strain vector can be translated paraliel in the strain
diagram without changing its significance and vectors can
be summed up to represent a series of deformation steps.
Also, a deformation can be divided into a series of very
small vectors, which together define a curve in the strain
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Figure 3. Plana triexial strain diagram with strain
vector, defined either by Its strain componants or
by tho effactive strain €, and the strain ratio .

diagram. Such a curve will be referred to as a strain path.
According to the theory of plasticity, the above formulae
should be based on infinitesimal strain elements de;, the
effective strain should be an integral and a strain ratio
should be valued at only one stage during the deformation
(13,14). However, for practical purposes the given finite
formulae are justified if used with care. To further illustrate
the use of the strain ratio a, the deformation of tubes with
a =n+30° is described in Table III.

Table 111. Types of deformation corresponding to the specific strain
ratios o= n'30°

Deformation of Tubes as Defined by Changes in
Wall Thickness, Diameter, and Length

Strain Ratio

o

a=0 Elongation with equal wall thinning and diamcter
contraction
o=3¢° Elongation with constant diameter
a=60° Wall thinning with equal expansion and elongation
a=90° Expansion with constant length
a=120° Expansion with equal shortening and wall thinning
a=150° Expansion with constant wall thickness
a=180" Shortening with equal wall thickening and ex-
pansion
a=-150° Shortening with constant diameter
a=-120"°  Wall thickening with equal diameter contraction
and shortening
= ~90° Diameter contraction with constant length
= -60° Diameter contraction with equal elongation and
wall thickening
a= -30° Elongation with constant wall thickness

The texturs rose. The drawing texture is typical of wire,
which can only be deformed through elongation with
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totational symmetric contraction. The corresponding
deformation of tubes is clongation with equal thinning of
wall and diameter contraction, which gives the strain ratio
a =0°. The compression texture is a result of shortening a
cylinder with rotational symmetric expansion. One
corresponding deformation of tubes is thinning of wall with
equal diameter expansion and elongation, which gives the
struin ratio «= 60°. The two rotational symmetric pole
figures from ligure 2 are accordingly inserted in a strain
diagram at the direction of strain ratio 0 and 60° (Figure
4). The rolling texture is obtained from elongation with
constant width. The corresponding deformation of tubes is
clongation with constant diameter, which is the strain
ratio o= 30°. The rolling texture pole figurc from Figure
2 is inserted at the strain ratio 30° in Figure 4.

Figure 4, The texture rose relating tha strain ratio
to the resulting stable texture,

Rotational symmetric deformation is equivalent
whether the symmetry axis is radial, tangential or axial, as
Is reflected by the threefold strain diagram. Thus, it is
possible to introduce fibre textures at all the axes of the
strain diagram both in their positive and negative directions,
by permuting the texture axis of the pole figures (Figure 4).
The rolling texture at a=30° is the average of the two
neighbouring fibre textures; similarly, there must be average
textures between all the fibre textures in Figure 4. Thus,
the strain diagram, although complete with twelve pole
figures, should be regarded as representing a continuous
ring of textures which are weighted averages of the
surrounding fibre textures. The strain diagram completed
with pole figures is rcferred to as the texture rose and
expresses u general relationship between the mode of
deformation of zirconium tubes and the resulting texture.

However, the relation between deformation and texture
as given by the texture rose is expected to be valid only for
stable textures, which require either a texture-free starting
material or such a high degree of deformation that stability
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is reached. To handle unstable textures, the strain diagram
in the centre of the rose is removed and a new parameter
introduced. The texture ratio is an angle n measured
clockwise from the rising vertical line through the centre of
the texture rose, to the position of any recorded texture in
the rose. For stable textures a=mn, while for unstable
textures a ¥ 1.

Yield locus and mechanical anisotropy. Yield loci are
presented as projected on the deviator stress plane,
containing the deviator stresses o, 04, 0; (13,14). This
maintains the triaxial 120° symmetry as for the stress
diagram, and makes the von Mises yield locus of an
isotropic material circular. The yield locus in its first-order
deviation from the circular form should be an ellipse. A
fibre texture must have a yield locus symmetric to the same
axis as the texture. In Figure 5(a) a compression tcxture
with a radial axis is shown. Radial basal poles make the
radial direction strong, and the corresponding yield locus
consequently has its major axis along the 0,-axis. In Figure
5(b) a drawing texture with an axial axis is shown. Here the
axial direction is weak, because the basal poles are
perpendicular to this direction and the corresponding yield
locus has its minor axis along the o,-axis. The eccentricity
of the ellipse in Figure 5(a) has been made greater than that
in Figure 5(b) in order to show that basal poles parallel to a
direction mean a greater anisotropy than basal poles
oriented perpendicular to a direction. As the rolling texture
is an average of the drawing and compression textures, the
rolling-texture yield locus could be assumed to be an
average of the drawing and compression texture yield loci
(Figure 5(c)).

zumg

Figure 6. Yield loci corresponding to compression, drawing and
rolling textures,

Therefore, it is possible to replace every pole figure in
the texture rose with a schematic yield locus, by applying a
simple symmetry consideration (Figure 6). If the direction
of the major axis of the yield locus is the angle 8, as shown
in Figure 6, the following formula relates the strain ratio
to the orientation of the yield locus

a = 2(90- B ]
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Figure 8. Rolationship buotween the stiain ratlo and
the resulting stable anisotropy as displayed by yleld
loai.

b

Again, hix relution s valid enly for stuble textures und
yield loci. ‘To handle upstable yield loci it is convenient to
introduce a new parametor, anifsotropy ratio v, where
p=2A90-p) is a function of the type of mechanical
anisotropy. Cousequently v should be equal to n for all
textures, while 2=« only lor stuble toxtures, These
statemonts are o he vorified In the exporiments,

Texture softening and hardening. Plastic deformation is
forcod upon the iaterial by the forming process. In
mochunical testing, on the other hand, the material is
loaded under o given stress ratio. With the roquisite of
parallelisin between the principal stress directions and the
principul tube directions, a state of stress in the deviator
stross diagram is given by a point, or by a stress vector from
the origin to that point. The size of the stress vector is
proportional to the effective stress o, und its angle
corresponds to the stress ratio v (13,14),

= 1 - 2 2 2
0;~\/°2-[(0, o) *+(0,- 0y +(0,-0,)] 7

¥ = arctan {(oz -0,)v/3/@0,-0, - 02)] 8

Like the strain ratio a, the stress ratio v is expressed as an
angle measured clockwise from the positive o,-axis in the
deviator stress diagram. Strain ratios of specific interest arc
v=0° in tensile testing, ¥ = 90° in closed-end burst testing
and v = 120° in open-end burst testing.

On loading a tube with a given stress ratio until plastic
deformation occurs, the strain ratio will be a function of
both the stress ratio and the type of anisotropy. A rule is
that the strain vector is perpendicular to the yield locus at
the point where the yield locus is reached by the stress
vector, if a combined strain-strcss diagram is used (14). For

Volume 11 Number 1 (1972)

180

)
] 4
o YO 4
L9
=
g o
.
o
g -90
- e
'B-(f‘so -90 0 90 180

ANGLE OF RADIUS p ()

Figure 7. Relationship between the radius and the normal in a point
on an ellipse,

an isotropic material the rule is normal, but it is also said to
be wvalid for an anisotropic material (13). The pure
geometric relation between the angle vy of the radius to a
point on an ellipse and the angle o of the normal to the
poriphery at the sume point s given as a periodic curve in
Iigure 7. By changlng the orlentation g of the major axix of
the ellipse the curve is trunslated parallel to the o -~ v -line,
The periodic curve of Figure 7 can be assumed to show the
relutionship between the stress and strain ratios during
mechanical testing. The periodicity 180° implies that

o=y whena — I 1 ne90 u

where n stands for“any positive or negative integer. The
question here is if the strain during testing will bring about
u change in texture and anisotropy or if the texture is stable
for the strain, The relation betwoen the strain ratio, the
stable anisotropy ratio and the orientation of the major axis
of the yield locus is, as previously stated, o =v = 2(90 - )
(Equation 6). Replacing a in Equation 9 gives

v=r when2(90-0) = + n-90 10
or after transformation

v = ywhenv = n+60 11

Thus the relation between the stable anisotropy ratio and
the stress ratio must be as shown in Figure 8 which is
similar to Figure 7, but with the smaller periodicity of
120°.

If the anisotropy ratio is not stable for deformation
under a given stress ratio, the texture will change so as to
bring the anisotropy ratio towards its stable value. In this
process either a softening or a hardening due to the texture
change is anticipated, superimposed on the normal strain
hardening. Texture softening is foreseen when the angle
between the stress vector and the minor axis of the yield
locus is greater at start, than when stable anisotropy is
reached. Texture hardening, on the other hand, is foreseen
when the angle between the stress vector and the major axis
of the yield locus is greater at start, than when stable
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Figure 8. Periodic relationship between the stress
ratio and the stable anisotropy ratio. Principle of
construction of soltoning and hat doning rogions,

anisotropy is reached. To illustrate this, parallel dashed
lines with the slope 2 are drawn in Figure 8, indicating
those anisotropy ratios for which the major and the minor
axes of the yield locus are parallel to the stress vector.
Exwmnples fory - 30° und 90° are given in Figure 8, where
the runge Tor hardening // is defined by the two cqual
distances marked @, und where the range for softening S is
defined by the two equal distances marked b. In this way it
is possible to divide the entire anisotropy ratio - stress ratio
diagram into regions alternately giving texture softening §
and texture hardening H (Figure 9). The region boundary
curves are approximately straight lines with a slope of - 5.

180

=180

—
=180 180

STHERS HATIO J

Figure 9. Anisotropy ratio-strass ratio diagram
divided Into rogions for texture softening S and
hardaning H.

Experimental

Daformation experiments and mechanicel testing. Tubes of
Zircaloy-2 were deformed by six widely different methods,
referred to as numbers 1 to VI and the ranges of strain
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Table 1V, Doformation experiments with Zitcaloy tubos

et 1~ = < . P ki o TP o x T @ b
S BTTY SRR A AR e Y ol W

Delog-
mation i i 1 v \% Vi
Tech-
nigue
Range of ° o o o o o
Strain 20-27 115-137 120-145- 145-- 139 84- S6  15- 3|
Ritin
Specimen
Serics No 10-15 20-22  30-32 60-68 70-72 R0)-85
A 40-44
50-55
ratios obtained are summarized in Table V. In cach

cxperiment, specimens werc taken from the starting
material and at several stages during the deformation. The
specimens were numbered in sequence as shown in Table
IV. The starting material was normally recrystallized, but in
one cuse, speciinen 40, it was stress-relieved. Strain paths on
the strain diagram show the results of the deformation
cxperiments in more detail. To simplify, the triaxial strain
diagram has been modified by introducing logarithimic
scales for wall thickness and mean diameter on the ¢,- and
¢y-axes, respectively (see Figures 10 and 11), where the
strain paths are obtained directly by plotting wall thickness
veisus mean diameter.

Tubes of Zircaloy-<4 were selected for mechanical
testing. The tubes were of three widely different texturcs
obtained by the deformation techniques [, Il and V1. In
this case the final dimension of the tubes were the same,
outer diameter 10.7 mm and wall thickness 0.7 mm. The
tubes I, 11l and VI were subjected to tensile testing,
closed-end burst testing, and open-end burst testing. The
tensile tests were made on a conventional electronic-
mechanical machine, at a strain rate of 0.02 per minute.
For burst testing, the specimens were connected to a
high-pressure oil supply capable of giving a steady rate of
volume increase inside the specimens, corresponding to a
strain rate of 0.02 per minute. The pressure was recorded
with an electronic pressure gauge. During testing, the length
and diameter of the specimens were continuously recorded.
For the diameter measurement, a special extensometer was
constructed based on three differential-transformer strain
gauges separated by 120°, but.in perpendicular contact
with the outside of the tube specimen. The strain
recordings had to be interrupted when necking or local
bulging started. To follow the strain to fracture, a square
photogrid was applied to the specimens. Measuring the
squares before and after testing defined the effective strain
and the strain ratio at each point of the specimen after
failure. The uniform strain in the non-bulged part of the
broken specimens was in acceptable agreement with the
extensometer recordings.

Texture characterization. The textures of the tube
specimens were determined by X-ray diffraction, using the
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Figure 18. Double-logarithmic strain diagram with strain paths
obtained with deformation technigues |, 11 and 111,

inverse pole figure technique. X-ray diffraction speciinens
were  prepared with  chemically polished surfaces
perpendicular te the radial, tangential, and axial directions,
composite specimens being necessary for the latter two.
The recordings were made with CoK, radiation in a
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Figure 11. Strain paths obtained with deformation techniques IV,
V and VI,
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rotating specimens holder by scanning from 20 36° to 90"
to cover reflections from ten crystallographic plancs (sce
Table VIII). The texture coefficicnt T, for the gth
reflection was calculated with the formula

1]
Iq/lq
T, =10° ——— 12
10

T U
=1
where 1, and /; are experimentally determined, integrated
intensities evaluated as the area under the respective peak,
and where /7 and I? are intensities calculated for a
texture-free specimen (see Table V111 (15)). The calculated
intensities were in acceptable agreement with recordings
from a randomized specimen of filings. The procedure and
formula used are in accordance with Harris (16).

Texture coefficients of all 30 reflections from each
triple specimen are normally presented in three 30° sectors
of a stercographic projection. llowever, such a large amount
of data would be difficult to survey here; instead the data
are condensed into two representative parameters.

The texture of any polycrystalline material is
completely described by a distribution function w(y, w, V),
where the angles ¢, w, ¥ define the orientation of a single
grain (Figure 12), The function implies that w(y,, w;, ¥)
sin g, dpdwdy is the volume fraction of grains with
crystal orientation within a small angular range (dy, dw,
dy) around the orientation (g, , w;, ¢1 ). A function of this
type may be expanded into a series of generalized spherical
harmonics

- 1

i ,
Wiy, w,¢) =X z I WinnZimn (cos v)e ImweTing
I=0om==-1n=-1

13

Here W,,,, are the coefficients of the terms in the series,
and Z,,,,,, (cosy) are generalized Legendre functions. The
significance and formalism for the use of spherical
harmonics in describing texture have been developed by
Roe (17), from whom some of the present notations are
borrowed, and have recently been thoroughly developed by
Bunge (18).

Reflexion symmetry of texture with respect to the
three principal tube planes is, as previously stated, a
consequence of the parallelism between principal strain
directions and the principal tube directions. Also, inverse
pole figures from the three principal directions only must
be interpreted assuming such a reflexion symmetry. With
the inherent symmetry of the hcp crystal, the number of
Wimn that are independent and non-zero are reduced to the
Imn combinations, 000, 200, 220, 400, 420, 440, etc.

The coefficients W,,,, for the first few terms in the
series are of interest because they describe the main feature
of the texture, with Wy, corresponding to the average
distribution. Since the summation of all volume fractions
must be 1, the Wy has a constant value for both textured
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and non-textured materials. The coefficients Wy, and
Wi, express the main feature of the deviation from
randomness or isotropy. The cocfficients of higher order
describe  the deviation from isotropy in more detail.
Evidence that only the basal pole orientation is included in
the first order is that u is zero in W4 8nd Wy 44, i.e., the
rotation around |0001] as expressed by the angle Y is
unithportant.

The coefficients W,,,, can be expressed cxplicitly as
integrals of the distribution function w. After disregarding
somie normalizing constants and eliminating the angle ¥,
the modified W, and Wy, are

mn
Wioo =J J wvw) 3 cos’ y~DsinYdYdw 14
00 00

mn
wr =3 ffwibwsindPros2wdydw 15
220 do

These formulie can not be used for the experimental
determination of W,q, and W;,, because w(y, w) is not
known. However, the formulae are useful in illustrating the
significance of W,,, and Wy, ,. Table V considers somne
special cuses of basal pole distribution, from which w (p,w)
may be estimated.

For graphical represcntation of textures a Cartesian
coordinate system of W}, and Wz;, is chosen with the
axes oriented as in Figure 13. Plotting the six extreme
textures, these form an equilatersl triangle (Figure 13). The
three more moderate textures are plotted as schematic pole
figures in relation to the equilateral triangle in Figure 14.
They fall on the vertical line through the centre of the
triangle. The centre is marked with a pole figure indicating
random texture. For reasons of symmetry the triangle is
completed with another six moderate fibre textures, which
makes Figure 14 very similar to the texture rose. Like the
texture rose, it not only contains information on the type
of texturc, but also on the sharpness of texture. The

192

Figure 12, The orientation of a crystal in
relation to the principal directions of a tube,

Figure 13. Graphicat representation of tex.
tures in a Cartesian and a polar coordinate
system. Equilateral triangle outlined by
extreme textures,

position_of a plotted texture can be defined by a texture
vector W (Figure 13). The angle of this vector is identified
as the texture ratio nn and the magnitude is called the
texture sharpness W.

N = arctan (— W!

220/W' ) 16

200

=\fwr 2 4w 2?2
% w200 +wzzo 17

Table V. The coefficients leoo and W,zoo for some special basal
pole distributions

Basal Pole Oricntation leo() W;w
All basal poles exactly parallel radial direction -1 V3
to the tangential dircction -1 -~ +/3
axial direction 2 0
All basal poles evenly dis- radial direction 1/2 ~/3/2
tributed but exactly per-  tangential dircction  1/2 32
pendicular to the axial direction ~1 0
All busal poles cvenly dis 60° <9<120° -075 0
tributed within limits 0<p<60°,
defined by the angle ¢ 120° <p<180° 075 0
from the axial direction 0<p<30°
150° < <180° .37 0

Disregarding some proportional constants but keeping
the factor v/3 in the foregoing expression for W;qq and
W; 20 gives an equilateral triangle, showing the equivalence
of the three principal directions, when the maximum
texture sharpness equals two (W=2). This is because
textures on the middle of the sides of the triangle have the
basal pole distributed perpendicular to one direction. This
implies that the distribution has lost one degree of freedom
and hence the sharpness W should have the value one.
Textures in the triangle corners have all basal poles parallel
to one direction, meaning that two degrees of frecedom are
lost and the sharpness W should have the value two.
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Figure 14. Positions of fibre textures in relation to
the equilateral triangle,

The Tormalism for evaluation of Wige and Wiae from
the 30 texture coefficients determined for each triple
specimen is presented in the appendix. The final result is
two explicit expressions suitable for routine computing.
Repeuated texture determinations from a series of specimens
taken from the same tube indicate that the total error from
specimen preparation, X-ray diffraction and evaulation is
$0.04 in W3, and W;,,. When presented graphically in
relation to the equilateral triangle, a texture is plotted as a
circle with the radius 0.04, to indicate the range within
which the truc texture probably falls. The crror in the
texture sharpness is also t+ 0.04, while the error in the
texture ratio is smaller the greater the texture sharpness, as
Is shown by the graphical representation.

Machanical anisotropy characterization. The Wheeler and
Ireland technique for determination of the Knoop-hardness
yield locus was used as a rapid method of defining the main
feutures of mechanical anisotropy (19). Though the tech-
nique lacks a solid theoretical basis, it has given yield loci in
good agreement with conventional techniques (20). The
Knoop hardness is measured with six separate orientations
of the indenter and the hardness values are plotted in a
deviator stress diagram for six separate stress ratios. The
yield locus may be fitted by hand to the six points, but here
computer fitting of an ellipse was made standard procedure.
The general cquation of an ecllipse contains only five
constants, which motivated a least-squares method to
utilize all six experimental points. The elliptical yield locus
is characterized by the orientation § of the major axis, by
the eccentricity and by the geometric mean of half the
major and minor axes. Based on these parameters, the
anisotropy ratio v is defined as equal to 2(90-8), the
anisotropy degree A as equal to the eccentricity and the
mean hardness 11 as equal to the geometric mean.

The Knoop measurements were made with 500 gram
load on chemically polished surfaces. The maximum error
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Figure 15, The relation between anisotropy ratio and texture :;atio
illustrated by (n-1) as a function of 1. The error timits £ 11" are
indicated by dashed curves.

in the cccentricity, i.e., the degree of anisotropy, is
estimated to * 0.04. The error in the anisotropy ratio Av is
smaller the greater the degree of anisotropy, Av =% 10, 6,
3. 2% for 4 =0.5,0.6,0.7, 0.8, respectively.

Results and discussion

Texture and mechanical anisotropy. It was predicted from
considerations of symmetry that the anisotropy ratio v
equals the texture ratio n. To check this prediction, (n - v)
is plotted as a function of 7 in Figure 15 for all specimens
from the deformation experiments. Since the strain history
should not affect this relation, results from a number of
odd specimens from both tubular and strip material arc
included. Values less accurate due to low W and A are
plotted as squares, while values with maximum crror
An=1+5% and A(n-v)= £ 11° are plotted as circles. A
deviation from the prediction (n - v) = 0 outside the error
limits is apparent. There are very good reasons that v= 1 for
n=n+60", i.c., for rotational symmetric textures. However,
a periodic deviation seems rcasonable, because of the two
separate ways of defining and determining the 7 and v.
Leuast-squares fitting of a sine function yields

v =1 + 6sin3n 18

Most plotted values of (n-v) arc within the error limits
from this relation. Those few values not within the error
limits, plotted as circles in Figure 15, must be regarded as
representing textures of a more complex type, e.g., origi-
nating from inhomogeneous deformation.

The degree of anisotropy A is smaller in strain-hardened
material than in recrystallized. This might be interpreted
that strain hardening counteracts slip deformation more
than twinning. Among those specimens investigated both
before and after recrystallization, seven had a texture
sharpness change less than 0.1. Based on these scven
specimens the following relation for the hardness sensitivity
of the degree of anisotropy is derived:

1 i,
— e L =-35%t14) - 107 19
A OH
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Al values of A determined were corrceted to A', as
conespondimg (o the softannealed mean hardness 18S
KEN. The corrected values of A" are plotted in Figure 16 as
function of . In an isotropic material W= 0 and 4" 0,
while for a single crystal with W -2, A" can be assumed (o
be approximately 0.9. One equation fullilling these bound-
ary conditions is A" = O.9W/2¥. Using the experimental
data, the exponent ¢ 0.2 has been determined by a
least-squares method. The following equation describes the
relation between corrected anisotropy ratio and texture
sharpness:

A = 09w/ 2)"? 20
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Flgure 16, The relation hetween corrected enisotropy degree
and taxtura sharpness,

Strain path and texture change. The textures of specimens
taken from the deformation experimonts are represented in
equilateral triangles, truncated to save space (Figure 17).
Within each scries, the textures are joined by a curve, which
constitutes the texturc-change path. These paths which
define the size and direction of the texture change are to be
correlated with the corresponding strain paths in Figures 10
and 11.

For the series 30-32, 40-44, 50-55, 60-68 and 70-72 the
texture-change path and the strain path are approximately

parallel. For series 10-15 and 80-85, there is no such.

paraliclism, but the texture-change path is parallel to the
upper side of the triangle. The reason is that the starting
textures of specimens 10 and 80 arc already so close to the
upper side that there is no room for texture change parallel
to the strain path. This is because the sides of the
equilateral triangle are defined as impossible to cross, and
because it ought to be difficult to reach the sharper texture,
by an approach towards the side. The texture change occurs
instead in the direction of the projection of the strain on
the triangle side. The series 40-44 and 50-55, which differ
only in the heat treatment of the starting material, have
parallel texture-change paths. A general rule for the
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Figure 17, Texture-change paths obtained in de-
formation experiments,

texture-change path for any starting texture is suggested:
A texture-change path is parallel to its corresponding
strain path, until one of the triangle sides is approached,
where the texture-change path deviates to become
parallel to the projection of the strain path on the
triangle side.
A toxture is stable if the texture ratio has not changed
during the last stage of dcformation. However, it is

unchanged in very few cases and so, when judging the
stability of a texture, consideration must be given to the

degree of deformation, in some cases to the length of the
projection of the strain path and to the texture sharpness.
The latter must be considercd because a certain texture
change might alter the texture ratio much more at a low
texture sharpness. Stable textures should have been reached
by specimens 15, 65-68 and 85. Specimens from some
other tubes, deformed by technique 1 with a strain ratio of
25°-27°, were also considered to have reached a stable

texture. The relation between these stable texture ratios n

and the strain ratio a is shown in Figure 18, where (1 - a) is
plotted as a function of «. For most textures (n-a)=0,
and the only texture somewhat different is the one for
specimen 15. Perhaps the texture of number 15 was not
truly stable. Together with the very strong symmetry
reasons that (n - a) =0 for a =n+60, Figure 18 is the proof
that n equals a for stable textures, verifying the texture
rose in Figure 4 at least quantitatively.

Replacing n with « in Equation 18 gives the relation
between stable anisotropy ratio and the strain ratio »=
a+ 6sin3a. This is a verification of the predicted
relationship shown in Figure 6. The sine function is only a
minor modification, since the yield locus for a= 30° has its
major axis angle § = 72° instead of 75° as was predicted. All

CANADIAN METALLURGICAL QUARTERLY
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Figure 18, The tatation batwoon stable texture ratio and strain ratio
astiated by (1 ) ox 0 lunction of &,

yicld loci Tor o = 30” + n+60” should be modificed accord-
ingly, while the symmetric yield loci for a=n+60° are still
true.

The rule Tor the texture-change path and the relation
1« make 1t possible (o construct @ number of texture-
change paths from a starting texture O to stable textures S,
under the effect of any strain ratio. In a texture-free
starting materinl these paths go straight from the centre of
the trinngle towards the sides with 5 always equal toa. In a
textured starting material some texture-change paths devi-
ate as they approach the triangle sides (Figure 19). For
some strain ratios the question arises as to whether the
deviution occurs towards a stable texture or in the direction
of the projection of (he strain path. Specimen 20-?1
indicates the latter (Figure 17), because the texturc is
chunged towards the right corner of the triangle. However,
proof cannot be extracted from the present data. The
question is of great importance. If deviation occurs towards
a stable texture, only the prevailing strain ratio influences
the resulting texture. If the deviation occurs in the
direction of the projection, the starting texture may also
influcnce the resulting texture. This suggests that the

B e ot e Ml’(y

..,"

Figure 19, Constructed texture-change paths from
starting texture O to stable textures S under the
influence of separate strain ratios.
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tmaterial might retain the memory of its previous strain
history. An implication of this would be that the texture
rose is not valid under all circumstances.

The parameter fexture-change rate is introduced to
express the texture change occurring per unit effective
strain along the texturc-change path, until the texture
becomes stable with respect to sharpness. If the distance
between two subsequent textures in the equilateral triangle
is AW, ic., 1AWL, and if the effective strain causing the
change is Ae,, the texturc-change rate is defined by
AW/Ac,,. The heavy deformation of series 10-15 gave a
small texture change compared to most other series, which
means the texture-change rate varics. It scems probable that
the projection of the strain path on the texture-change path
is one of the factors governing the rate. All clse being
constant, AW/Ae‘, should be proportional to cos(a - A7),
where An is the direction of the straight line between the
two textures in their graphical representation. Calculated
values of AW/(Ae, cos(a - An)) are given in Table VI Tor most
of the deformation steps. The values range from 0.8 to 2.5,
except for a high value for step 4042, and low values for
steps 14-15 and 84-85. No reason for the high valuc is
cvident, while the low values arc for texture changes close
to stability. No other  systematic  variation in
AW/(Ac,cos(a - An)) is apparent and hence the conclusion
is that this paramecter has a constant value, except close to
texturcs stable with respect to sharpness. Average and

Table Vi Evatuation of texture-chatige tate botwoen spoomens
from deformation experiments

Step Deformation Textun, Ch‘mu
Between Aw
Specimen o o Oc, coste /)
No. o be, D Aw
12-13 23 0.42 96 0.10 0.8
13-14 24 0.28 87 0.15 1.2
14-15 27 0.61 817 0.14 0.5
20-21 115 0.28 66 0.40 2.5
30-31 144 0.22 101 0.23 I.4
31-32 145 0.13 165 0,20 1.6
4043 129 0.16 124 0.81 5.1
43-44 120 0.33 150 0.28 1.0
50-53 133 0.15 130 0.24 1.6
53-55 122 0.33 142 0.60 1.9
60-61 - 145 0.12 - 175 0.21 2.0
61-62 - 144 0.11 - 109 0.19 2.1
62-65 - 144 0.25 - 143 0.42 1.7
65-68 - 140 0.20 - 123 0.22 1.2
70-71 ~ 56 0.25 -9 0.51 2.5
71-72 - 84 0.27 =170 0.41 1.6
80-83 -35 0.23 ~73 0.28 1.6
83-84 -33 0.23 - 104 0.21 2.8
84.85 - 31 0.50 - 69 0.16 0.4
195



standard deviation of the values between 0.8 and 2.8 arc
1.7 L 0.0, Fhaus, the texture-change rate is given by

AW/Ace, = 1.7 cos (a— AR) 2

This formula certainly has o low aceuracy, since experi-
mental errors have been accumulated, but it still is of
importance in - prescribing  production routes to reach
specific textures.

Yield locus and texture softening. The texture and mechan-
leal anisotropy  of the thiee mechanically tested tube
muterinls 1, 1 and VI are given in Table VII. The true
stress-cilective strain curves recorded are shown in Figure
20, marked with y=0° for tensile testing, v=90° for
closed-cnd burst, and y= 120° for open-cnd burst testing.
" The strain paths to fracture are shown in Figure 21, The
maximum cffective strain must not be used in comparing
the separatc textures, because the tube material 11 in
particular had variuble dimensional tolerances, owing to the
experimental state of the deformation technique. The strain
paths have a tendency to bend towards a = 60°, because the
stress ratio in necking or bulging changes towards y = 60°.

Table VI, Characterization of tube materials mechanically tested.
Deformation hardening reduced by texture softening between 0.4
and 10 per cent strain

Texture  Mechunical Mean Increase in U,

Anisotropy  hard- Between €, 0.004
Tube ness and 0.1 (kg/mm?)
woow A4 (KHN) y=0° =90 y=120°
| 28 0,54 48 0.80 169 21.2 14,7 10.6
1l 76 0.48 82 063 177 12,9 19.2* 19.2
Vi -23 =34 0.63 180 18.2 12.1 11,8

0.56

*Extrapolated.

The mechanical tests offer an opportunity to check on
the accuracy of the elliptical Knoop-hardness yield loci
(Figure 22). The mechanical tests give three points on the

Table VIII, Planes indexed g or / in hep zirconlum, X-ray intensities
1" of texture-free specimen, angles Q’q between plane normal and

basal pole, and k, =3 cos? (bq -1

Plane Index g o0 £ Ig or ll° 'l‘q kq
1070 i 0.91 90 -1
0002 2 0.91 0 2
1010 3 3,51 61.47 - 0.316
1012 4 0.53 42,60 0.626
1120 5 0.57 90 -1
1073 6 0.62 31,52 ©1.180
2020 7 0.09 90 -1
172 8 0.67 57.88 ~0.152
200 9 0.47 74,79 -0.793
0004 10 0.09 0 2
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Figure 20. True stress-effective plastic strain curves for
tensile, closed-end burst and open-end burst testing of
tube material |, 11l and VI,

true yield locus. Best agreement was obtained using the
stress at €,=0.012 and the conversion factor 3.9
KHN/(kg/mm?) (Figure 22). A yield locus at the strain
€,=0.012 should not be considered true, because this
strain is enough to cause a texture change as will be
discussed.

Some of the stress-strain curves in Figure 20 display
something like a yield-point phenomenon. This must be due
to anisotropy, since it appears more or less pronounced,
depending on the combination of tube material and testing
method. Evidently the deformation causes a change in
texture and anisotropy which alters the flow stress re-
quired. The stress increase between €, =0.004 and 0.1
varies from 10.6 to 21.2 kg/mm?, because of strain
hardening (Table VII). The greatest increase 21.2 kg/mm?,
is in tensile testing. Independent of the predicted regions
for softening or hardening, tensile testing with y=0° can

¢
TUBE I
TUBE |

y

|
»
I

TUBE Vi

(r €

Figure 21, Strain paths followed during mechanical

testing.
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Figure 22. Eliptical Knoop-hardness yield locl together with parts
of the true yield loci.

only result in texture softening, since the stable yield locus
has its minor axis parallel to the stress vector. Thus pure
strain hurdening shouk! increase o, somewhat more than
21.2 kg/mm?®. A reasonable ussumption is 23 ¢ 2 kg/mm®.
Thus, the texture softening corresponds to the difference
boetwoen 23 and the increases in o, given in Table VIL

The anisotropy ratios of the muterials tested are plotted
in Figure 9 as function of the stress ratios. A number for
the texture softening is given inside each plotted point. All
points fall within predicted regions of texture softening.
The softening is, in general, greater the farther the plotted
point is from the stable v - 4 relation. This is evidence for
the predicted behaviour, even if not definite proof. Texture
hardening apparently is not so common, since it requires
unusual testing methods or extreme textures.

Texture softening occurs at the very ‘beginning of the
test, and is more or less completed before €, = 0.1. With a
texture-change rate as given by Equation 21, a strain of 0.1
should not change the properties appreciably. The free
deformation under a given stress ratio in mechanical testing
is different from the forced strain in the deformation
experiments. An explanation for the observed bechaviour
might be that rapid texture change is obtained through
abundant twinning, if the shear strain of the twins must not
necessarily conforn with a forced deformation.

Conclusions

1. Experiments on Zircaloy tubes have confirmed the
predicted texture rose as describing the relation between
the type of stable texture and mode of plastic deformation.
In addition, the texture-change path has been developed
and the texture-change rate evaluated as functions of plastic
deformation.

2. An important but unanswered question is whether
the starting texture might affect the final texture. Thus,
under certain conditions the texture rose is perhaps not
valid,

3. The predicted relation between type of texture and
type of mechanical anisotropy, as manifested by the
Knoop-hardness yield locus, have been examined and found
to be valid with a minor modification. In addition, the
degree of anisotropy has been found to correlate with the
texture sharpness.

Volume 11 Number 1 (1972)

4. The predicted relution between type of mechunical
anisotropy and the foregoing plastic deformation has been
verified.

5. Mechanical testing of tubes of different textures has
resulted in texture softening, in agrecment with the
predicted  behaviour of zirconlum alloy. Although not
proof, this supports the predicted regions, of alternate
softening and hardening,
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APPENDIX

Evaluation of W3,0 and W),, from inverse-pole-
figure texture data

The angle between the normal to the crystallographic plane
q and the basal pole is denoted <l’q and given in Table V1II
for hep zirconium with ¢/a = 1.593. Grains with the plane g
normal oriented parallel to a principal direction p have
possible basal pole orientations describing a circular line
L,q on the orientation sphere.

L., is defined by p=®, while w=0 n/2, (Figure
23(a)) L, is defined by =, while w'=0-7/2, where
from spherical trigonometry applied on the triangle ABC in
Figure 23(b), cos ¢ = sin ¢’ sin &’ and cos w = cos y'/sin ¢.

Figure 23. Circular line

L q defining orientations contributing
to the texture coefficient 7qu.

Ly, is defined by ¢' = $, while w' =0->7/2, where
from spherical trigonometry applied on the triangle DEF in
Figure 23(¢), cos ¢ =sin ¢ cos w' and sin w = cos ¢'/sin y.

Integration of the function w along the line L, , and
dividing with the same integral of wy for texturc-free
material corresponds to the texture coefficient 7,, from
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By replacing Ihe two variables v and w with the constant

‘l'q and the variable w' and by integrating for d/, =dw’, the
expressions are condensed to
el . _ z0
K00 = LQ/Z ANapo = “'kq/2 Kiao0 = kq 28
+
)
K;qno :Aqlz Agg() "’kqlz I‘220 =0 27

where &, =3 cos® @, - | is given in Table VIlL To obtain
the desired Wigo and W, ;. a least-squares procedure is
applied in which the following summation is minimized:

I Y )] .
SO
lere /7, the X-ray intensity for a texture-free specimen, it
introduced as a weighting factor (Table VII). The statis-
tical error in an X-ray recording is proportional toI T0and
hence Iq is ontered in the summation to give the ‘more
accurate 7, more weight. The final expressions for Wioo
and W, used routinely are

T(-)q)]

- rq Pg \2
W200K 200 szo"zzo)] *

-.i;?;[[o

k (2 T,

w!
200
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W, he =" land W“(, = \/' lm 4 .sm;,lc crysml with a radial
basal pole. The number 39 is an assumption based on the
lTact that the greatest texture coefficient recorded among
hundreds of specimens was 12.6 for 111201, Probably (his
specimen surfuce was almost 100 per cent 111201 and a
single crystal can be expected to give the texture coefficient
13, which requires the factors 1/39 and / 3/39, It should he
cmphasized that this estimation is dependent on the
divergence of the X-ray beam, i.c., characteristic only for
the specific diffraction sct-up uscd. This uncertainty does
not influence the texture ratio derived, but only the texture
sharpness values by a constant factor.
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PRINCIPLES OF BURST TESTING OF ZIRCALOY CANNING
TUBES AND FACTORS INFLUENCING THE RESULT

Krister K#llstrom
Martin Svenzon

Summary

There are two principles of burst testing of tubes, open end burst testing and clo-
sod ond burst testing . The difference between the two principles is described and the
practical specimen set-ups are shown. The open end burst testing requires the lower in
tornal pressure and yields the greater maximum circumferential expansion as evident
from comparative testing of Zircaloy canning tubes.

“ircaloy tubes have a pronounced tendency for bending in burat testing . This is
intorpreted as plastic instability of a first kind as opposed to the second kind of instabili-
ty initiating the growth of a bubble, The first kind of instability is explained as an effect
of the anisotropy of textured Zircaloy tubes. Incdosed end burst testing, specimens kept
straight by means of an internal telescopic rod, reach a maximum circumferential expan-
rjon 1,2 times greater than specimens free to bend.

The effect of a stiff pressure system is demonstrated in a comparative closed end
burst testing , where a stiff pressure system gave maximum circumferential expansions
1.5 times greater than a pressure system that is soft or flexible due to the presence of
compressed air. Another source of varying results is the tube itself, Thus, a wall thick-
ness variation in Zircaloy canning tubes decreased the uniform circumferential expansion
obtained in closed end burst testing .

1. Open end burst testin g as compared to closed end burst testing

There are two basic principles of burst testing, open end burst testin g and closed
end burst testing . The principles and results of testing in two ways have previously been
described by Steward and Cheadle(l1) . Here the comparison between open and closed end
burst testing is repeated in order to emphasize the considerably different results obtaned.

Stressing a thin walled tube with internal pressure accordin gto the open end princi-
p'e yields a uniaxial state of stress in the tangential direction, as illustrated in fig . 1.
A tube with closed ends subjected to the internal pressure has a biaxial state of dress of
2:1 in the tangential and in the axial directions, respectively, fig. 1.



-

Open end burst testing Closed end burst testing
The internal pressure gives a The internal pressure gives a tan gential
tangential streas in the tube wall, stress and an axial stress with the ratio

2:1 in the tube wall.

Fi ,1 Principles of open end burst testing and closed end burst testing.

The practical arran ggments of testing according to the two principles are
shown in fig. 2. In open end burst testing a partly hollow rod is connected to a high
pressure oil rupply. O-rings of rubber are placed in grooves in both end« of the rod.
The tube specimen is fitted on to the rod and provided with external support tubes at
the two ends. When the volume of oil in the tube specimen is increased, the tube de-
forms by widening itr dlameter and shortening ite lengh. The state of stress is truly
unaxlal If the frictlonal forre from the O-rings is neglected. In closed end burst tes-
ting a telescopic rod is placed inside the tube specimen to keep it straight without res-
tricting changes in length, for reasons further discussed below, The specimen is sea
led off in the ends by standard tube couplings and connected to the high pressure oil
supply, which is capable of giving a steady rate of wolume increase inside the specimen
The pressure is recorded on an x-y-recorder as a function of volume increase.
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Pi 2. Set-up for open end burst testing ana for closed
end burst testing. The tube specimen is ‘20 cm long and has
a diameter of about 1 cm, which means %he length scale is
decreaseqd and the width scale increased.

Zircaloy canning tubes were annealed to six levels of strength and ductility, Out
of each level, five specimens were open end burst tested, five were closed end burst
tested and two were temsile tested, After failure the specimens had the appearance shown
in fig.3 and 4. The mean values and standard deviations of the burst testing, and the
individual values and standard deviations of the burst testing, and the individual values
of the tensile testing are given in table 1. v ‘



;\...m O R

N
a N e DT .
: ' L ks TS E
‘HR“' . s . oy i b WP A ‘»”’ S RS e N P ¢ oty

oL Lo 1 iy AR AL AL | Aared wg‘:’rwq‘% i "?\-"' i p oy R MRS T ) !

L Y Rt '.amu-.mm .- Ty L, g Tk f'"}_f“ - U "s“’
EPINEIE O At s ¥ . sad oML L 3
A
-

<oy
Mw-n-um..,mw- -hs

S T T v T S ey re s NP

. LAV -w"w‘ 5 MR R s MA m-,w e
?-" Ce o e YRR R Toaes™ EN Rl .
r‘.’."l"":.‘.!"”-.%l't'.’ e ,: e -‘-‘wb: _:.- AP e ‘.-.“: Lo )
i T . : ™

E Cc : ~' » - . BRI
mewf e ‘.wsv,;;mlq;--g-ma-., Fa— I T
’r oy e "'P’l Q""’ r‘.‘n S o s . . - .

¥

el

o e TR

p.xm " ML.&;

Foto no. 47892 Magnification 1.5

Hard Zircaloy tubing, material 1, after
a) open end burst testing, b) closed end burst testing, and
c) tensile testing» -
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Fig.4 Soft Zircaloy tubing, material 5, after

a) open end burst testing, b) closed end burst testing, and
c) tensile testing.
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The maximum tangential stress Oo was calculated from the maximum pressure p using
the formula oy = pdj/2t, where dj is the original internal diameter and t the wall thickness.
The circumferential expansion is calculated from the original circumference C, and the cir-
cumference C after testing using the formula 100, (C~C,)/C,. For the uniform expansion, C
1s measured on the cylindrical part of the specimen on one or both sides of the bubble, whe-
reas for the maximum expansion, the largest C at the bubble is used.

The striking difference between open and closed end testing is the far greater maxi -
mum circumferential expansion obtained in open end burst testing, Even the hardest material
which has only 3 percent maximum circumferential expansion in closed end burst testing,
ylelds 50 percent in open end testing, The reason for this different behaviour is obvious. In
opon end burst testing the specimen shortens considerably, thus supplying material for the
expansion, In closed end burst testing the specimen does not change so much mostly by wall
thinning, and as a consequence, the failure occurs sooner,

Table 1. Recults of open end burst, closed end burat, and
tennlle teoting of Zirenloy canning tuves annealed to uix
levels of strength anda ductility.

| Level of stirength and
ductility 1] 2] 3 4 5 1 ¢

Opan_end burpt teeting
Max. tangential stiress|73xl | 6642 |61%1 | 5021 | 4720 |45%0

Circun~ {unifo:m 422 | 4%l | 621 |13%3 [l2x2 |134

toensioy  |maximun |50x9 | 72614|76813| 70811) 9943 |82812 "

010:04 end bdburst
Jeating

Max. tangential strese|85%1 |B0%2 |71%5 |61%1 |60%2 {59%2
Ciroun- {u.nifom 341 | 4%1 | 823 |15%#2 [13*2 [14%3

f;;;g:igg maximum | 3%1 | 743 |17#9 [32#10|36214|45%13
lennile tepting

Yield strength 0.2 % (58 61|55 55!/50 50[40 39|36 37|34 34
Tensile strength 80 79{73 73170 70{54 54[52 52!50 59
Elongation &y, 16 18] 20 20|20 20|32 32}32 24|26 32

ftress is given in kg/mm® and strain in percent.
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2. Specimen free to bend as_compared to specimen kept straight

Zircaloy canning tube specimens have a characteristic, strong tendency for bending,
when plastically deformed under internal pressure, The tendency is apparent in open end
burst testing, but in this case the specimen is always kept straight by the internal rod, In
closed end burst testing the specimen was free to bend, before the use of a telescopic rod
was made standard procedure, Bending certainly did occur, as illustrated by fig. 5.

-1
Tube specimen Tube specimen kept straight
free to bena with internal telescopic rod

Fig., 5. Behaviour of Zircaloy canning tube deformed in
closed end burst testing. .

The bending appeared very soon after the start of plastic deformation and increa-
sed gradually as the tube expanded, At a later stage in the testing the local bubble started
to grow leading to the first fallure, which always occurred on the concave side of the bent
specimen. The bending is caused by a first kind of plastic instability as opposed to the
second kind of instability initiating the growth of the bubble, The first instability could be
explained as follows Q).

A tube of an isotropic material deformed in closed end burst testing does not chan-
ge its length, because the shortening tendency of supplying material for the expansion is
counterbalanced by the axial tensile stress component. Zircaloy tubes, however, are ani-
sotropic due to a texture with dominantly radial basal poles as a normal feature, fig.6.
Radial basal poles make the radial direction hard and wall thinning urfavourable, Instead,
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Zircaloy tubes shorten during closed end burst testing in order to supply material for the
oxpansion , In this process the specimen might very well deviate slightly from straightness.

Pig, 6. Dominant orientation of zirconium
crystals in Zircaloy canning tubes of
stundara production.

The state of stress in such a slightly bent tube subjected to internal pressure is vary-
ing, in that the axlal stress component is smaller on the concave side, This can be realized
from the action of the internal pressure as shown in fig, 7. Already a small deviation from
stralghtness implies reduced axial tensile stress on the concave side, and 'lcoelerqted shorte
ning in the same side resulting in further bending.

convex side
axial stress
greater

concave side
axial stress
smaller

Pig. 7. Variation of the axial siress component
in a bent tube during closed end burst testing.



The situation is typically unstable, which explains that this first kind of instability occurs
early in the deformation process, As the deformation mostly takes place on the concave
side, thewall thinning, although retarded, as well as the final fracture occur on this side,

In order to investigate the effect of bending, Zircaloy canning tubes were annealed
to a medium level of strength and ductility, cut into specimens, and closed end burst tested,
Nine specimens were free to bend and nine specimens were kept straight with the internal
telescopic rod. Mean values and standard deviations of maximum tangential stress, and
uniform and maximum circumferential expansion are compared in table 2, It is evident
that the specimens kept straight reach a maximum circumferential expansion 1.2 times
greater than specimens free to bend,

The reason for the greater expansion is considered to be that bending gives inhomo-
geneous deformation which inhe rently means low ductility. In a kept-straight tube, homo-
geneous deformation will occur until the final bubble starts growing, and even this latter
deformation is more homogeneous because the bubble grows symmetrically around the tube,

Tibls 2, Results of closed end burst testing with
Stooimen free to bend and with specimen kept straight
ty 1 teicucome roil, The specimens are of a medium
luevel ol usirenyth and ductility.

Speecimen free to bend| kept straight

Max. tangential stress T2+1 731

Circumferential {unirorm 4% 51
expansion maximum 1043 1245

Stress is given in kg/mm* and strain in percent

Thus, the strain hardening capacity of the material all around the cir;:umference
contributes to the greater ductility displayed by the straight specimen,

3. The effect of a stiff pressure system

The results presented so far were obtained with a high pressure oil system with
a stiffness of 500 kg/cms. Testing was also made with another pressure system charged
with compressed air, which implies a stiffness orders of magnitude smaller,

Four Zircaloy canning tubes were annealed to a series of levels of ductility and
14 specimens were cut out of each tube, Half the number of specimens were tested with
the soft pressure system under free-to~-bend conditions (Method A), and the other half
were tested with the stiff pressure system while kept straight (Method B).
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The maximum circumferential expansions obtained are listed in table 3 as mean
values and standard deviations 2), The values reached with specimens kept straight while
tested with the stiff system, are 1,8 times greater for all levels of ductility, Roughly spea-
king the factor 1,8 could be regarded as built up by a factor of 1.2 from keeping the speci-
men straight and a factor of 1,5 attributable to the stiffness of the pressure system,

Table 3. Maximum circumferential expansion in closea
end burgt testing, in percent. Method A is carriead

out with spccimens free to bend and with soft pressure
system, method B with specimens kept straight and with
stiffness pressure system.

‘| Level of @uctility 1 2 3 4
Tethoa A 7¢4 | 1943 | 2024 | 3024
¥ethod B 1216 32z2 3425 533

The stiffness effect can be explained in terms of the deformation rate. When the
pressure tends to drop in the last stage of testing with a soft system, the air is expanding
and the rate of volume increase in the specimen goes up drastically. This higher deforma-
tion rate requires higher deformation stress and reasonably gives lower ductility.

4. The effect of wall thickness variation

Closed end burst testing with a telescopic rod but with argon gas as pressure me-
dium was made at 400°C, The specimens were taken from tubes of medium strength and
ductility and were specially selected to represent a series of wall thickness variations ran=-
glng from 0.7 to 6,4 percent excentricity defined as 100 (tyax- tmin)/ (tmax+ tmipn) Here
tmax 1s the maximum wall thickness and tp,i, the minimum, The uniform circumferential
expansion was found to be smaller in tubes with high excentricity, as shown in fig,8, The
maximum expansion, on the other hand, did not correlate with the excentricity in this limi-
ted testing program,

The effect of excentricity found could be explained in the following way. If the wall
is thinner on one side of the tube, deformation will take place on this side first, As the
material is strain hardening, the deformation will spread all around the tube, but all the
time the deformation and the strain hardening will have proceeded somewhat further on
the thinner side,
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The rate of strain hardening is gradually decreasing during testing and at a
certain stage it can no longer counterbalance the wall thinning taking place simultancously
This situation means plastic instability, initiation of local growth of a bubble, and ceasing
uniform deformation, and the greater the excentricity the sooner it occurs. ’
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oummary

The stirain race sensitivity (SRS) in Zircsloy-2 has becn investi-
rated by means of sirain racte changes during hot tensile teuting
in the range 200-600°C. There was a pronbunced minimum SRS at
nround 40000, accompanied by plateaus in the s.rength vs. lempera-
ture re¢'ationshipd, by a ductility minimum, and by a strain
hardening maximum. These are effects of dynamic strain aging
originating srrom crissolved elements interacting with disloca-
tions, The SRS minimum is associated with rapid generation of
new dislpcations at sources operating at a stress level more or
less 1ndepehdent of the strain rate. The prime purpose of the
work was to control the mechanical properties, and specially the
300-400°C creep strength, by the optimization of production
parameters to derive maximum benefit from strain aging. It was
found that c¢old work lowered the temperzture of minimum SRS.
This was reversed gradually as the degree of recrystallization
was increased by annealing. Also, coarser recrystallized grain
£ize gave a higher temperature of minimum SRS. A factor of 10

lower strain rate lowcred ithe temperature of minimum SRS 20°C.



Extrapolntion tovcroep rates indicates maximum effect at

280-350°C.,

Tnlroauction

Strain aging cccurs in zirconium base alloys and specially in
dircaloy in the temperature range ?OO—SOOOC. The phenomenon
miniiests itsell in tensile testing through the formation of
yield point after jnterrﬁpted looding [1], and thiough duetility
and strawn rate sensitivity minima [2, 3]. In creep testing
coinsidcerably lower creep rates are recorded within the same
temperoelure range, together with an abrupt increase in the

apparent activation energy [4, 5].

A variety of mechaniums have been proposed to account for the
strain aging. The formation of tin-rich precipitates (67,
segregation of hydrogen'[7], Cottrell locking of dislocations

by impurity atnospheras [4], and other types of dislocation-
interstitia’ interaction such as with oxygen are suggestea [11.
Internal friction studies indicate that interstitial-substitu--
tional complexes, for example oxygen-iron, create stress dipoles,

which interact effectively with dislocations [8].

The strain aging effect on the mechanical properties of Zircaloy
is of airect interest for the use of the alloy as cannring tubves
for fuel elements in nuclear reactors, implying a service
temperature for Zircaloy in the range 300-400°C. Of prime concern
are the creep strengih anda the auctility. Both these properties

are closely related to the strain rate sensitivity (SRS). Thus,



a Jow BRO, if applicd in an extrapvlatzon vo croen glrain raley,
meann that the creen strength is not so much leuss ithan ihe hot
b i b wbreaptite A high SRS, ovn bhie vlher hand, restricls o
plastic Instability 'rom developing into necking and faviare, as
loculizea deformation gives higher strain rate, thereby ntfeng—
cening the potential necking. Since the Giglocutions play a
eritical role in sirain aging, the Zircaley structure, as controli-
ed by the degree of cola work, recovery omd recrystallization and
by the grain size, should have a major influence on the strain
aging-related properties. Thus, it was of direct interest to
investigute the posuible benelits from strain aging, specially as
regards the 300-40000 creep strength, by eptimization of produc-
tion parametess. Hol tensile teéting, with strain rate changes to

reveal the SRS, was considered the most efficient experimental

technique.

Of a more general intereust is that zirconium as well as titanium,
havo solubility limits for interstitial oxygen as high as 6 anc¢ .4
wt.-%, respectively [9), i.e. magnitudes higher than the inter-
stitial s?lubllity in bec-metals such as iron. This fact has been
the basisqfor the use of hcp-metvals in verifying models for solid
solution strengthening mechanisms [10]. Im the same way, strain
aging effects in Zircaloy containing 0.10-0.14 Wt.-% oxygen are

probably magnified and may serve as an illustration of this type

of phenomena in commonly used metals.
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Experimental Yrocedurs

R LAY I“
g ocola

Zirvenloy.? alrin of 1he compocition miven in table T wo
rolled to a scrizs of thicknesses, soft annealed and subsceqguent--
ly cola rcllea 10, 20, 40, €0, and 75 % to the common final
thickness 0.75 mm. The recrystallization hehaviour was investigai-
ed through annealing ic temperatures retwcen 400 and 700°C for

4 hours, followed by tensile testinug at room temperature. As
normal for cold-worked metals, the relationships between yield
strength and anncaling temperature revealed three temperature
ranges, ) a recovery range where the temperature dependence was
low, b) a recrystallization range where the yield stress decreased
rapidly with increasing temperature, and c¢) a grain growth rauge
where the temperature dcpendence again was low. For each cold-
rolling reduction, temperalures expected to give 0, 30, 60 und

100 % recrystallization were sclected for annealing of inhe
remaining main portion of the strip material, After the final
anneal the result was checked against the yield strength-annealing
temparature relationship, whereby obtained recrystallization
degrees were found to be somewhat beside those aimeda-for. This

is presented in table II together with the grain sizes reached

after full recrystaliization.

The texture was znalyzed by the inverse pole figure technique
and found to be normal for rolled strip. The basal poles were
perpendicula. to éhe rolling direction and distributed between
the transverse and the normal directions. The basal pole texture_
was nearly the same for all reductiohs and recrystallizatiohs.

Tensile specimens were machined for transversal loading.

By



Hol tensile lesting was made in air betwesn 200 ana 600°C in an
Instron tenuile testing machine equipped with 2 furnace. The
specrmens were 190 x 15 x 0.79% mm with 103 mm as the effective

teslt lJength. The strain rates used were a "normal" 8.3-1()"'4 and

6 1, based on the origiml 100 mm test lenglh.

"low" §.3.107" rnec”
During, norma). strain rate testing the stirzin rate was renecatedly
dcercansed by a factor of 10 for a few percent strain and then
increased back to the normal rate again. Buring low strain rate
testing the strain rate was repeatledly imereased by a2 lfactor of
10 f'or a few percent strain and then decreased back to the low

rate again.,

Experimental results

Normal sirain rate lestings of standard material

Zircaloy strip colda-rollcd 60% and recrystallized 100% =2z select-
ed as a "standard" material for a more detailcda description of the
observed behaviour. The 0.2%-yield and ultimate iensile strengtl«<,
the uniform ana total elongations, and the strain hardening
exponent ére presented as a function of testinz temperature in
figure 1. Total elongation means the elomgation over originally
35 mm around the final failure. The straia hardening exponeat is
n in the well known formula o = Ke" (11]). It is evident how a
plateau or a slight maximum appears in the yield strength curve

in the same temperature range as a pronousced minimum total

elongation and a maximum strain hardening exponent.

Strain rate reductions by a factor of 10 produced steps in the

tensile curve, demonstrating the SRS, figare 2. Sometimes there

Q'lﬁ
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was a transient behaviour in both ends of the step, similar to
an inverse and a direct upper yield point. The stationary flow
stress change Ac and the iransicnt flow stress change'Act were
recorded as shown in figure 2 and converted to true stress

changes. The stationary SRS, adenota2d m, and the transient SRS,

m., were calculated by the formulae:

m = po/ohlné (1)
my = Act/cAln& (2)

Here o ia the average true flow stress level at the step in the
tensile curve and & the strain rate. The SRS quantity m is the

exponent in the formula o = Ke™ [11].

The SRS was dependent on the strain during a single test, since
the stationary flow stress steps grew either larger or smaller
and the transient flow stress steps grew smaller. This sbtrain
dependeuce of SRS was evaluated as am/Ae and Amt/Ac as a function
of testing temperature. Based on this, all experimental SRS dat<
was recalculated to be valia for zero stirain and for a strain
equal to the uniform elongation. The structur:z at uniform'elonga—
tion was chosen as most representative of the material during
secondary creep. The result is shown in figure 3, for both
stationary ana transvent SRS, It is evident that the stationary

SRS has a minimum and the transient SRS a maximum at around 400 .,

Normal and low strain rate testing of all material

The testing and evaluation procedure was repeated for all

reduction-recrystallization combinations, both with normal ana
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low stfain rate. The interesi was focused on the minimum of ‘lhe
stationary SRS at the strain of uniform elongation, since this
is considered most relevant for high creep strength. The minimum
vaiue of the statlionary SRS turned out to be constant

m= 0,005 + 0,Cu5 for normal strain rate and m = 0.01 £ 0.01 for

low strain rate for all material.

The temperature of minimum SRS on the other hand varied with
the type of material, Higher cold-rolling reduction at zero
"recrystnllization gave lower temperature of minimum SES,

figure 4a. Recrystallization reversed this effect, increusing
the temperature again, figure 4b. larger grain size of fully
recrystallizea material gave higher temperature of minimuwm SRS,
figure 5a. The strain rate etfect on the ilemperature of minimum
SRS is shown in figure 5b, A fector of 10 lower strain rate
yield 20°C lower temperature of minimum SRS, and extrapolati~s~
to creep strain rates of the order of 10“8 sec™t implies
approximately 60°C lower temperature for maximum benefit from

low SRS in increasing the creep strength.

Discussion

Dynamic strain aging is manifested in tensile testing by
plateaus or peaks in flow stress versus testing temperature
curves, and by an increased strain hardening [12]. Also, low
ductility accompanies dynamic strain agizng, in steel referred
to as blue brittleness [12]. All these phenomena are present in

Zircaloy in the temperature range 400-500°C, figure 1. In view
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ol' this and previous reportis on strain aging in zirconium-base
alloys [1-5], it is concluded that true dynamic strain aging hag
been observed and investigated here. Without presenting any
evidence for ithe actual golute-dislocation interaction mechanism,
the formation ct atmospheres of oxygen-substitutional complexes
around dislocations is assumed. However, regardless of ihe exact

interaction the following Ziscussion should be valid.

According to Bergstrdw et al [13], there is a lower temperature
runge where the solute mobility is sufficient for interaction
with immobile dislocations. This makes the re-mobilization
process improbable. In a higher temperature range the solute
mobility is high enough for interaction with mobile @islocations.
This increases the rate of immobilization. The temperature

ranges overlap and at an intermediate temperature the total
interaction or pinning effect is ﬁaximum. Deformation at thiu
temperaiure is accommodated by a mobile aislocation density,
which has 10 be maintained through abundant generation of new
dislocations. To keep the dislocation sources activated a certain
flow stress level is required more or less inAzpendently of the
strain rate. This ie the same as low SRS and explains the
observed minimum stationary SRS in the temperature range of

strain aging, figure 3.

Since the f.iow stiess anad the dislocation velocity are directly
related, a strain rate change in the strain aging range also
implies little variation in velocity. Instead the strain rate

change is associated with a variation in mobile dislocation

o9
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density. A support for this is the observea transient behaviour,
figure 2, indicating that the mobile dislocation density requires
some time for ad jusiment. Transients of this type are always
doubtful, as they may originate wholly or partly from relaxations
within the testing machine [14]. However, since the trancients
appeare® only within the strain aging range, figure 3, they are
consifdered as reflecting the variation in mobile dislocation

density qualitatively.

The negative SRS for zero strain, figure 3, is not only due

to the extrapolation, but was actually recorded at low strain in
recrystallized material. A possible interpretation of negative
SRS is based ou the shortage of dislocation generation sources
in a more perfect crystal. When the strain rate is decreasca,
there is a arop in flow stress followed by a transient increase
up to a stress level higher than befors the change. During the
temporary flow stress Arop some sources are permanently
inactivated by solutes, and even after regaining stationary
conditions fewer active sources are available. Thus, somawhat
too few new dislocations are generated, requi.ing a higher
stress to accommodate the strain rate. As the strain is increased
to uniform elongation, the dislocation structure itself provides
abundant generation sources readily activated, and there is no

negative SRS.
Codl work increases and recrystallization decreases the immobile

dislocation density, and smaller grain size gives a faster buila-

up of the immobile dislocation density. Thus, the effect of cola

...10
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work, recrystallization und grain size on the temperaturc of
minimum SRS, figure 4 and %a, has to be explained on the basis
of" jmmobile diulocation density. At a given probability for
re-imobilization, 2 higher immobile dislocation density implies
a higher re-mobilization rate, assuming that the rate is equal
to the product of the probabiliiy and density [13]. This lowers
the upper limit of the temperature range for effeclive solute
interaction with immobile dislocations, and as a consequence

the temperature for maximum total interaction is lowered.

At lower gtrain rate immobile dislocations remain immobile for
longer periods and also the average mobile dislocation velocity
is lower. Thus, solute interaction with immobile as well as
mobile dislocations requires a lower solute mobility. This
explains the lower temperature of minimum SRS observed for lower

strain rate, figure 5b.

Conclusions

1. Dynamic strain aging has been found to occur in the range
400-500°C dauring hot tensile testing of Zircaloy. The strain
aging is accompanied by a minimum strain rate sensitivity

(Sms).

2. The strain aging is considered as caused by dissolved
elemente interacting with both immobile z2nd mobile disloca-
tions. The interaction makes rapid generation of new disloca-
tions necessary. The dislocation sources operate a* a stress
level more or less independent of strain rate, which means

minimum SRS.
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3. Cola work decreases and recrystallization and coarser graing
increase the temperature of minimum SRS. The temperature
range for inferaction with immobile dizlocations is Jower {or
higher dislocation drnsity and vice versa, and this influencen
the temperatvie for maximum totital interaction, i.e. for

minimum SRS,

4., A Tactor of 10 lower strain rate reauces the temperature of
minimum SRS 20°C. Extrapolation to creep strain ratzes,
indicates maximum benefit from strain sginz on the creep

strength at 280-350°C.
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Fipure captions
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Figutu L., Sbrenpiin, Guetiliby and sbrdln hardeoniny, in
Zirvealoy wtrip ceold-rolled 60 % and im)ly recrystallized

an a function of tensile testing temperature.

Flpure 2. Engineering stress-gtrain curve with steps proasuced
by sirain rate refuctions. Measurement of stationary and

itransient flow stress chinge.

Figure 3. Stationary and transient strain rate sensitivity
as a function of testing temperature at uniform elongation and

extrapolated to zero struin,

Figure 4., Effert of cold-rolling reduction and degree of
recrysntallizution on the temperature of minimum strain rate

sengitivity.

Figure 5. Effect of grain size and strain rate on the tempera-

turo of minimum strain rate sensitivity.



fahle J., Chemical composition of Zirca]oy-2 strip (wt.-%)

— -

on I'e Cr Ni 0 C N H Zr
1.46 0,109 0.092 0.050 90.136 0.006 0.002 0.002 halance

— e



Tabls II. Cold-rolling relduction and dégree of recrystallizn-

tion in Zircdloy-2 strip. Grain size after full iscryslailisza-

. Yoo
tion, in mean linear iptercept. 74% e (00
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- poce
Cold-rolling o '
reduction 10 # 20 % 4° % 60 % L
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arystaliizution 65 o 70 % 50 % 60 % 6% % -boo
100% 100 %  100% 100 % ./'_95/;_07:2%;00,

Grain size (/um) 18 15 8.4 7.6 6,3
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Figure 1. Strength, aQuctility and strain hardening in
Zircaloy strip cold-rolled 60 % and fully recrystallized

as a function of tensile testing temperature.

ULTIMATE TENSILE
STRENGTH

ENGINEERING STRESS

7 7 -

7
UNIFORM "1 ™

!LON‘GATOON

ENGINEERING STRAIN

Figure 2. Engineering stress-strain curve with steps
produced by strain rate reductions. Measurement of stationary

and transient flow stress change.
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