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C E . Elis, C E . Coleman, R.R. Hosbons, E.P. Ibrahim et G.L. Doubt

RÉSUMÉ

Les tubes de cuve CANDU faits de Zircaloy-2 recuit et soudé se sont avérés
très performants dans le réacteur. Bien qu'ils n'aient pas été conçus
comme enceinte de confinement sous pression, les tubes de cuve peuvent
demeurer intacts même lorsqu'il se produit une rupture d'un tube de force.
Un incident de ce type, survenu à la tranche 2 de Pickering, a démontré
l'avantage financier d'un tel résultat, et l'on peut en déduire qu'il faut
augmenter la probabilité de ce comportement dans d'autres tubes de cuve.
Le présent ouvrage examine les diverses méthodes permettant d'obtenir des
tubes de cuve plus résistants. La soudure constitue la partie la plus
faible des tubes quand ceux-ci sont mis sous pression. Deux méthodes
permettraient éventuellement d'augmenter la résistance des tubes de cuve :
augmenter la teneur en oxygène de la feuille d'alliage de départ et
renforcer la soudure en la rendant plus épaisse.
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ABSTRACT

The CANDU calandria tubes, made of seam welded and annealed Zircaloy-2,
have given exemplary service in-reactor. Although not designed as a system
pressure containment, calandria tubes may remain intact even in the face of
pressure tube rupture. One such incident at Pickering Unit 2 demonstrated
the economic advantage of such an outcome, and a case can be made for
increasing the probability that other calandria tubes would perform in a
similar fashion. Various methods of obtaining stronger calandria tubes are
available, and reviewed here. When the tubes are internally pressurized,
the weld is the weak section of the tube. Increasing the oxygen
concentration in the starting sheet, and thickening the weld, are promising
routes to a stronger tube.
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INTRODUCTION

The calandria tube in the CANDU* reactors performs
two main functions:

• it isolates the hot pressure tube from tho rela-
tively cool heavy-water moderator, and

• after a feu years of reactor operation, its creep
resistance is the factor controlling resistance
to sag of the fuel channel.

A third function, required only on one occasion thus
far (1), is to contain the water of the heat trans-
poit system in the event of a leaking pressure tube.

The calandria tubes, made of seam welded and
annealed Zircaloy-2, have thus far given exemplary
service. Of the approximately 9000** calandria tubes
installed and operated in-reactor, only tvo tubes
have failed, one from fretting in Douglas Point (2),
and the other from cold over-pressurization in the
Bruce Unit 2-N06 (3) pressure tube failure. In each
incident, the tube*** was subjected to conditions far
mort severe than allowed for in the design. In the
Pickering Unit 2-G16 pressure tube failure (1), the
calandria tube withstood full pressure o£ the heat
transport system water, again beyond design require-
ment .

from stress rupture or creep deformation. The tubes
are fabricated to a specification on tensile
strength, Table 1, based on design requirements
unrelated to the burst strength. The tensile
strengths obtained in various batches of tubes ere
listed In Table 2. These strengths In Table 2 are
for a strain rate of 3 x 10 J-7 x 10'' s 1 through
the 0.21 Y.S., after which the crosshead speed of the
tensile machine can be set to a faster rate. These
unlaxial tensile strengths must form an Important
component of the burst strength o£ the tube, and the
interrelation between uniaxial and biaxial strengths
is an integral component of any discussion on
stronger tubes.

TABLE 1. SPBCIPIED HINIMUH R00H TEHPERATURE TENSILE
PROPERTIES FOR CALANDRIA TUBES FROM
CAN/CNS - N285.6 SERIES 88.

DIRECTION

Longitudinal

Transverse

0.2Z Y.S.
MPa

320

320

Y.T.S.
MPa

425

415

X
ELONGATION

20

20

The annealed Zircaloy-2 retains a significant
portion of its original high ductility and toughness
many years into reactor life, and the combination of
metallurgical condition and crystallographic texture
is particularly resistant to both sag and elongation
in-reactor. Also, the combination of crystallog-
raphic texture, low hydrogen isotope concentration
and lov stress during normal operation results in
little possibility of failure from delayed hydride
cracking. In view of the service record, and prog-
nosis of continued good service, any requirement for
a stionger tube does not have a high priority. Never-
theless, there is currently a worldwide trend towards
imptoving reactor safety whenever possible, and
confidence in the safe and economic behaviour of the
CANDU reactor would be enhanced if the resistance of
the calandria tube to failure, when internally
pressurized by water of the heat transport system,
could be increased.

The strength being considered here is the burst
strength of the tube when internally pressurized,
failure occurring at strain rates in the range
10" s 1 or higher, a range normally described in
engineering literature as tensile, as differentiated

* CANada Deuterium Uranium. Registered trademark.
»* Includes KANUPP, but not Gentilly-1, any Indian

leators or Fugen.
*** Hereafter in the report, the word "tube" will

mean "calandria tube" unless otherwise stated.

TABLE 2. SOME AVERAGE VALUES OF TENSILE PROPERTIES
OF PRODUCTION BATCHES OF CALANDRIA TUBES
AT ROOM TEHPERATURE.

REACTOR

Bruce 8

Darlington
1 & 4

DIRECTION

Longitudinal
Transverse

Longitudinal
Transverse

0.2Z
Y.S.
MPa

384
312

394
425

U.T.S.
MPa

464
457

547
538

X
ELONGATION

27.7
28.7

24.4
25.1

THE FAILURE MODE

In considering the strength and failure of the
tubes when internally pressurized by water of the
heat transport system, there are two important
environmental factors:

• if the water coolant is at its normal temperature,
then the average temperature of the tube will be
about 440 K (4), and

• in the reactor, the tubes are flrnly held at each
end by the reactor structure, and thus the
internally pressurized tubes are stressed in a
fixed-end mode.



K:»n the first ot these lactors, tests in experi-
mental programs have concentrated on the 440 K
temperature. The fixed end biaxial stressing gives
M\ opportunity for a strong texture strengthening,
Appendix A. The sheet from which the tubes are made
has a high concentration of basal plane normals in
the thickness direction, leading to values of the
.infsotropic parameters R,P (Appendix A) in the range
1 to 6 and thus the strong texture strengthening.

In the fixed end burst tests in the laboratory, or
in shielded cells if the tube has been irradiated,
out practice has been to use sections of tube about
O.b m long. More than 25 of these tests have nov
been completed, including seven lengths of highly
irradiated tube removed from Pickering Unit 2,
Channels G16 and K13. In every such test, the
failure occurred along the veld or heat-affected
zone, Figure 1. Morecver, the Bruce Unit 2-N06 tube
failed in-ieactor at the ueld, as have all full-
length tubes tested at the Stern Laboratories <5).
It is evident, therefore, beyond any doubt, that the
veld is the weak point in the tubes as currently
fiibi icated. The first obvious step to a stronger
cilandrla tube is to strengthen the weld.

THE STRENCTH OF THE UELD

When it was decided to use the thin seam-welded
Zin.iloy-2 for the tubes, it was recognized that the
vsId might be a weak section in the calandrla assem-
bly. Careful fabrication practices are required to
keep the grain sl2e in the weld to the ^ 10 grains
;i:iouKh-vall normally achieved. Despite the compar-
atively large grain size. Figure 1, it was recog-
nized some years ago that In uniaxlal tension the
-(Id, at least in the longitudinal direction, was
Etlonger than the remainder of the tube. For the
c.Mifnt work, an attempt was made to quantify this
.strength difference. Three tubes Were chosen for the
Usis: in AECL notation, tubes P-628, P-646 and
C-033. Some details on these tubes are lisi.id in
T.ible 3; the strength of the tubes in both uniaxial
lonsile tests and fixed-end burst tests had been
mi..i-;uied in more detail than for any other CANDU
. r.amiiia tubes. Because of the narrow weld, its
••". Uxial strength could only be measured with speci-
n<-i. .' miniature gauge width and length for the
ti.insverse directions. The transverse strengths of
the bulk material of the tul.es and the velds, the
hi:i";t strengths, and the correlation through equation
A.T , are presented in Tables 4 and 5.

Details on the information given in each column of
Tables 4 and 5 are as follows:

1. Tube identity.

2. Temperature of test.

?. Strength of tube excluding weld material.

<•. Strength of weld material.

5. Strength of tube internally pressurized in
iixed-end mode.

••• The expected ratio

strength internally pressurized
strength in uniaxlal tests

TABLE 3. CALANDRIA TUBE DETAILS.

TUBE

NO.

P-628

P-646

G-033

REACTOR
FOR WHICH
TUBE WAS
FABRICATED

Darlington

Darlington

Pickering-

B

INGOT
OXYGEN

CONCENTRATION
wt ppm

1370

1360

1200

NOTES OH
FABRICATION

Uah Chang continuous
strip, - 1.6% sink,
stress relief 1 h at

773 K

Western Zirconium
strip, - 1-6Z sink,
stress relief 1 h at

773 K

Strip from batch
anneal, - 1.5% sf .k,

no stress relief

calculated from R,P measured on uniaxial
specimens at failure and equation A.6.

7. The ratio of measured strengths

strength away from weld
strength of veld

8. The calculated improvement of strength of the
tube if the veld were removed, based on

• strength of weld
• strength away from weld
• R,P at failure away from weld

• R,P for veld - 1.

9. The ratio

strength internally pressurized
uniaxial strength of veld

10. The ratio

strength internally pressurized
uniaxial strength avay from veld

Column 8 in the tables presents the information of
most interest here. Values given in the table are
based on the assumption that:

A. For a seamless tube having the properties of the
bulk material, the biaxial strength would be

biaxial strength = anisotropy factor x uniaxial
strength

where the anisotropy factors are as in eqns. A.6, A.7
of Appendix A.

B. For a tube having the properties of the veld metal
only, and since the weld (and heai-affee ted zone)
appeared to be fairly isotropic

biaxial strength = 1.15 x uniaxial strength

Accepting these assumptions, and further assuming
that the veld is not strengthened by constraint from
the surrounding bulk material in the burst tests, the
factor in Column 8 in the tables becomes the Improve-



FIGURE l ( a ) FIGURE l ( b )

FIGURE l ( c )

FIGURE 1: FAILURE IN A BRUCE TYPE CAUNDRIA TUBE. The- tube- was in-.ui r.ally
pressurized to failure in the fixed end mode. Figuie l(a)
shows the split along the weld and heat -af f e-cted zone, with A
section of higher magnification in Figure l(b). Photomiciugtaph of a
section through the failure is shown in Figuie l(c).

TABLE 4 . TRAJISVERSE 0 . 2 1 Y . S . OF THE VELD MATERIAL IN TUBES P 6 2 8 , [ ' - ' .46 AND
G - 0 3 3 AND IMPLICATIONS DRAVN FROM THE DATA.

TEHPEKATTOE

RT
353
443
RT
353
443
RT
353
443

0.21
Y.S.
BULK

377
272
419
34b
257
332
274
215

0.21
Y.S.
HELD

491
450
324
550
448
348
492
413
320

0 . 2 1 Y . S .
BURST

528
470
330
50 i
415
325
425
375
275

CALCULATED1 RATIO I
RATIO 3 • 4 '•(, »
R. P . I 1 .

10

1 35
1.38
1.41
1.62
1.67
1.69
2.08
2.0(i
2.28

! 0 .892
0.838

: 0 .839

0 . HO
0.738
0 . 6 / 4

, 0 .663
0.672

7 I S <•
IS

I Ob1

1 .01 I
1 OV I . 0 2
i n ; : c . 9 r
1 . 1 2 : ( j . 11
l . n f l : ! l . 9 J

1 . 1 9 ;

1 . C 71 1 . 2 0 I
1.04! 1.25

1.21
C.9rj 1.20
Cj.iji 1.20.
0.9J! 1.26:
0 .8b ' 1.281

0 . 9 1 J 1 . 3 7 J
0.86 1.28

. L

TRANSVERSE U . T . S . OV THE VELD HATEFUL IN TURKS
AND IMPLICATIONS DRAVN FROM THE DATA

1

TUBE

P-628

P-646

C-033

2

TEMPERATURE

(K)

RT
353
443
RT
353
443
RT
353
443

3

U.T .S .
BULK

517
443
319
4a 9
418
305
420
366
275

4

U.T .S .
VELD

556
474
350
570
485
363
516
447
334

5 6

U.T.S. CA1.CULA
BURST

(TRANS)

702
646
555
734
662
538
686
655
540

RATIO
R. P

1.35
1 - 38
1.41
1.62
1.67
1.69
2.08
2 .06
2.28

0.930!
0.934
0.911
0.858
0.862
0.840
0.814
0.819
0.823

1.09
I. 12
1. 12
1.21
1.25
1.23
1-47
1.47
1.63

1
T "

. 2 6 ! 1

.361 1

.59 1
, 2 9 | 1
.361 1
.48
33
46
62

1
1
1
1

. 7 6

. 6 3

. 6 8

.96



ment in strength expected In the current tubes if the
weld was removed ?nd the lube not otherwise changed.

The wide variation of the values in Column 8 Is
presumed due to the poor statistics of the experi-
ment, but the average value is clearly >1, and a
strengthening of at least 10Z and more likely 15Z is
clearly predicted. The assumption of effective
isotropy of the weld material is supported by two
types of data. Firstly, K,P values from the longi-
tudinal and transverse tensile specimens of weld
material were = 1. Secondly, neutron diffraction
measurement of the crystallographlc texture in the
weld and bulk material have shown that radial basal
plane normals are more pronounced in the bulk tube
than at the weld, Figure 2. It would also be In-
ferred from Figure 2 that improvement in biaxial
strength from removal of the weld would be greatest
in tube G-033, and least in tube P-628, in agreement
with column 8 in Tables 4 and 5.

_ 1.5

INCREASING THE STRENGTH

Having established that
part of the tube, by a
possible to proceed with
strengthening the tube.

the weld Is the weakest
margin of I 10Z, it is
sensible suggestions for

A Thicker Tube

Thickening the whole of the tube Is almost too
obvious to mention. All our evidence leads to a
conclusion that no mechanical problem would be Intro-
duced, and no fabrication development should be
required. The resultant loss in neutrons, however,
would be a highly undesirable feature of this tube.

A Seamless Tube

This route Is almost as obvious as thickening the
tube. Here, however, there are significant fabrica-
tion problems. A preferred method of tube fabrica-
tion would be extrusion and drawing, but this would
lead to a crystallographic texture with lever basal
plane normals in the radial direction, and hence less
potential texture strengthening of the tube. It
might be preferable to try to fabricate tubes by the
Rollmet process, as there is some Indication from
very few trial runs that satisfactory crystallog-
raphic texture and dimensional tolerances can be
achieved. Several years of development effort would
be required before confidence in the tubes could be
assured.

Sharpening the Crystallographic Texture

There Is little doubt that Increasing the
proportion of basal plane normals in the radial
direction of both weld and bulk material would
provide an appreciable increment In burst strength,
although we do not have the analytic technique to
make a quantitative prediction. Obtaining this
texture is another matter; probably it could be done
in the bulk material, but to achieve this in the veld
ue would require a radical change in tube fabrication
procedure, preceded by an as-yet-undefined develop-
ment program.

0.0

• RAOIAL
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O AXIAL

-20 -10 0 10

CIRCUMFERENTIAL ANGLE (OEGREESI

FIGURE 2 ( a ) . TUBE P - 6 2 8 .

20

1.5
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D KADIAL
+ TANGENTIAL
O AXIAL

-20 -10 0 10
CIRCUMFERENTIAL ANGLE (DEGREESI

FIGURE 2(b). TUBE P-646.

20

o
x:

-10 0 10 20
CIRCUMFERENTIAL ANGLE Idegrees)

FIGURE 2(c). TUBE G-UJJ.

FIGURE 2. VARIATION OP THE INTENSITY AT THE (0002)
BRAGG PEAK POSITION VERSUS CIRCUMFFRENTIAL
POSITION IN THREE PRINCIPAL ORIENTATIONS.
Squares denote the radial (normal) direc-
tion, crosses denote the tangential
(trar.^verse) direction and diamonds denote
the axial (rolling) direction.



Tubes from a Different Alloy

We could obtain a stronger tube by using cold-
vorked Zr-2.5 Nb; a large strength increment is
readily achieved, Table 6. A major problem vith this
approach is to achieve a veld that would not have
ductility severely reduced by irradiation. Hovever,
this probably vould be achieved by the cold work and
recrystallization of the weld, as is now done for the
Zircaloy-2. Weld concerns could be eliminated by
producing a seamless tube. One such tube has already
been made for AECL by the Rollmet process. This tube
had excellent strength, but Inadequate dimensional
tolerances (6). There is every reason to feel that
the dimensional tolerances could be improved, but
vith a development program of several years duration.

TABLE 6. COMPARISON OF TENSILE STRENGTHS AT 575 K OF
ZIRCALOY-2 AND Zr-2.5Nb IN COMPARABLE
METALLURGICAL CONDITIONS.

800 r

MATERIAL

Zircaloy-2

Zr-2.5 Nb

Zr-2.5 Nb

CONDITION

Extruded,
20% cold-vorked
stress-relieved

at 675 K

As-extruded

As-extruded
25Z cold-vorked,
stress-relieved

at 675 K

0.21
y.s.
MPa

310

365

482

U.T.S.
MPa

365

434

586

Narrower Weld

The assumption here is that a narrower veld and
heat affected zone vould effect an improvement in
biaxial strength by virtue of Increased constraint
from the stronger (biaxially) bulk material. The
increment possible is not known, nor is the magnitude
of the development program required. Electron beam
or laser welding should produce narrower welds than
the current welds made by TIG welding.

FIGURE 3.

3200800 1600 . 21.00
OXYGEN CONCENTRATION IN ppm wt

THE DEPENDENCE OF THE STRENGTHS AT ROOK
TEMPERATURE OF ZIRCALOY-2 ON OXYGEN
CONCENTRATION. The authors had plotted
their data with strength against test
temperature for the various oxygen
concentrations. The material was in a
fully annealed condition.

The strengthening contribution from the oxygen
decreases with temperature to a low value at tempera-
ture i 573 K. However, at the operating tempera-
ture of the tubes and at 443 K, 60-7OZ of the
strengthening at room temperature is retained (7).

One concern vith raising the oxygen concentration
is the fabricability, as at some high oxygen concent-
ration the ductility would become unacceptably low.
The current specification for the oxygen concentra-
tion in the tubes is 1600 ppm, although 1400 ppm has
rarely been exceeded in practice. Information on
sheet fabricability with oxygen in the range 1600-
2000 ppm is very sparse, and if the oxygen concen-
tration is to be raised to this range we would need
to proceed on a trial and error basis.

Raising the Oxygen Concentration

The strength of Zircaloy-2 is markedly dependent
on the oxygen concentration, Figure 3, and there is a
sound basis for assuming that the strength of both
weld and bulk of the tube could be Increased further
by oxygen additions. We have analyzed the strength-
ening, reported from several laboratories, in the
simple form

o = A + B(concentration of oxygen in ppm wt)

where a can be either the 0.2* YS or U.T.S., A and
B are the relevant constants,

and found that
temperature is

a conservative value for B at room

~ 24 MPa per additional 100 ppm of oxygen.

Decreasing the Grain Size

The strength of zirconium is increased by reducing
the grain size, Figure 4. The strengthening from
grain boundaries is athermal, so the information on
zirconium should apply to its alloys. With current
fabrication practice the average a-grain size in the
Zircaloy-2 of the main body of the calandrla tubes is
in the range 8 to 13 »m. A reduction to a size of
5 urn could provide an Increase in strength of at
least 15 HPa. During fabrication, the tubes are
recrystallized at 990 to 1030 K. A reduction in this
temperature to (say) 900 K should produce smaller
grains but still provide a reasonably recovered
structure that is resistant to growth. A smaller
grain size should also Increase ductility. The
benefits of inproving the body of the tube may not be
realized In practice, because the weld may not be



TABLE 7. VALUES OF INCREMENTS IN TENSILE STRENGTH AT
ROOM TEMPERATURE FROM COLO UORKING
ZIRCALOY-2. DATA ARE TAKEN FROM VARIOUS
PUBLICATIONS.

FIGURE 4. THE GRAIN SIZE DEPENDENCE OP STRENGTH AND
DUCTILITY OF ALPHA ZIRCONIUM AT ROOM
TEMPERATURE.

similarly improved; with current practice, parts of
the veld have large grains, sometimes in the range of
30 to 100 iim. Avoiding the critical strains for
rapid grain growth has the potential of much
improving the strength and ductility of the veld.
Techniques for refining the grain size are available.
The previous development program on refining grain
size in the veld was stopped when an acceptably fine
size was achieved; it is not obvious hov much
development effort would be required to make a
further significant advance.

Cold-Worked Zlrcalov-2

It would be easy to strengthen the tube by cold
working in the latter stages of fabrication. The
weld and bulk material vould be strengthened by about
equal amounts, certainly giving significant in-
crements in the biaxial strength. A strength
increment of about 70 MPa could be achieved by 101
cold work, Table 7, leaving the material still quite
ductile and retaining much ductility after irradia-
tion. Also, the increment of strength at room temp-
erature Is largely retained at temperatures up to at
least 573 K, an advantage over strengthening by
oxygen addition. The hazard with this approach is
that using current strip, the 10Z cold-worked tubes
that have an unacceptable elongation in reactor.
Also, the tubes vould have increased sag. The latter
two problems would be solved by a 0-treatment of the
tube prior to cold vorking. The ^-treatment vould
remove nuch of the crystallographic texture, and 10Z
cold vork should not increase the tube elongation to
auch higher values than for present tubes. However,
the now random crystallographic texture will also
reduce the texture hardening in the bulk of the tube,
possibly negating the benefit to strength of the cold
work. Effecting all of the required strength
lncrenent by cold work is therefore not promising,
and in any event will require a development program.

1
PROPERTY

0.2Z Y.S.

U.T.S.

PERCENT
COLD VORK

2.5
5.0
10.0

2.5
5.0
10.0

DIRECTION

LONGITUDINAL

MPa

54
92
134

47
70

TRANSVERSE

MPa

26
54
87

16
35
80

Thickening the Ueld

Thickening the veld, and thus causing failure to
occur in the stronger bulk material, has an
attraction similar to that of the seamless tube, but
with the advantage that the bulk material will
already have the crystallographic texture desired for
texture strengthening. There are tvo apparent means
of thickening the veld:

(a) making a sheet vith thickened edges, and welding
these, leaving a thickened veld and heat-
affected zone on the outer surface of the tube;

(b) using a uniform thicker sheet, fabricating the
tube as nov, then removing the excess bulk
material in the final stages of fabrication.

In (a), it vould be expensive to obtain the sheet,
even if the desired thicknesses vere obtainable, and
effecting a satisfactory veld structure and tube
dimensional tolerance vojld require an extensive
development. There are fever metallurgical problems
vith (b), the principal problem being the probable
expense of fabrication to the desired thickness
tolerances.

CONCLUSIONS

It is apparent from the evidence presented here
that strengthening the calandria tube requires
strengthening the veld by some r^thod. Eliminating
the veld, combined perhaps vith i. ... dest increment in
oxygen concentration, is theoretically the most
attractive method, but involves an unknown amount of
development. Cold vorking the tube, including the
veld, is also attractive, but has a serious hazard of
increasing elongation and sag of the tube. Thickening
of the veld, vith the tube remaining at its current
thickness, seems technically feasible, presents no
apparent hazard to operation in-reactor, and only a
negligible penalty through loss of neutrons. This
method will also accommodate an increase in oxygen
concentration.
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vhere F, G and H are constants describing the aniso-
tropy. Uith internal pressure as approximately 0,
then (A.I) becomes

?ay
! • Go,2 * H(o,-oy)

J = I (A.2)

then from (A.I)

~j = G*H, ^ = H+P and JJ = F*G

In a longitudinal unlaxlal tensile test, o, = o, = 0.
We define

dex
jj— = K which from (A.1)(A.2) leads to

(A.3)

Similarly in a circumferential tensile test,
ov = ot = 0. Ue define

de

P =

P which from (A.I) (A.2) leads to

(A.4)

In a fixed end burst test, ot ~ 0, dey = 0 and

Fay + Hay - Ho, = 0 (A.5)

from vhich

APPENDIX A

Anisotropy Theory & Measurement Procedure

THEORY & NOTATION

Hill's theory (A.I) of anisotropic plasticity is
applied to a Zircaloy-2 tube v*th basal plane normals
not necessarily confined to the radial direction.

The notation is as follows:

DIRECTIONS
< = tlHCUMPtREHHAl
y * AXIAL
; -. RADIAL

X, Y, Z - uniaxial yield stresses
a,, oy, o, - principal stresses at yield
e, , e y ) ec - true strains at any time during

deformation.

Hill assumed that the yield condition for
principal tensile stresses Is

We can then derive

(A.6)

This is the biaxial flow stress in the circumferential
direction as a function of the longitudinal uniaxial
tensile strength.

Alternatively, we can write

V (UR)
UR+P

(A.7)

which is the biaxial flow stress in the circumferen-
tial direction as a function of the transverse
uniaxial tensile strength.

Ue term R and P the anisotropic plastic parameters
of the material. R and P are obtained from the
uniaxial tensile tests. For many materials, and
particularly for the thin calandria tubes, it is
difficult if not impossible to obtain values of strain
in the thickness direction to an accuracy sufficient
to give accurate values of R and P at low plastic
strains. Rather, it Is assumed that metal volume
remains constant, and the longitudinal strain is used
In the calculation. In all of the current work, it
has been assumed that R,P are constant to specimen
failure. At failure, the thickness strain is large



enoueh to srive a sensible measurement, and R,P are
evaluated from ' REFERENCES

lr>(w/v ) (A.I) HILL, R., "A Theory of the Yielding and Plastic
R p _ — Fl°v of Anlsotropy Metals", Proc Roy. Soc. Vol

ln(t/to'' A 193 (1948) p.261.

using longitudinal and transverse specimens, respect-

ively.
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