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by
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ABSTRACT

The annular space between pressure and calandria tubes in CANDU reactors
1s maintained by coil springs around the pressure tubes. These garter springs
are usually Zr-2.5% Nb-0.5% Cu in a2 quenched and aged condition. Garter springe
removed from Pickering-4 after 2 years, Bruce-2 after 5 years, and Pickering-1,
-2, -3 and -4 reactors after 12 years' operation have been examined. The exami-
nation inciuded: visual examination, metallography, crush tests, fatigue tests,
tension tests, hydrogen and deuterium analysis and ovality measurement. This

showed that after 12 years' service:
(1) the springs remained intact,

(11) hydrogen/deuterium migrated to the contact areas where the Springs were
in loaded contact with the calandria tubes,

(1i1) ductility, crush and fatigue strength remained much more than adequate,
(iv) hydrogen concentration was unchanged from installation, and

(v) deuterium pickup was much greater at the ends than the middle of
correctly oriented springs and could be up to 240 ppm (240 x 10-% wt%).
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EXAMINATION OF GARTER SPRINGS FROM CANDU REACTORS

by
E.F. Ibrakim

1. INTRODUCTION

The fuel channels in CANDU-PHW* nuclear reactors are horizontal, and each
consists of:

(1) a zirconium alloy pressure tube which contains the natural uranium fuel,

and heavy water coolant at a pressure of about 10 MPa and a temperature :
of 525 to 585 K, |

111) stainless steel end fittings which are attached to the pressure Lube by
rolled joints,

(1i1) a Zircaloy-2 (except NPD) calandria tube outside the pressure tube which
is in contact with the heavy water moderator and operates at 343 to 373 K.

(iv) garter spring spacers which are designed to retain the gas-filied gap
between the pressure tube and the calandria tube.

A schematic diagram of a fuel channel is shown in Figure 1.1.

The gas filling the gap between the pressure tube and calandria tube is
air for NPD and Douglas Point reactors, nitrogen for Pickering A reactors, and
carbon dioxide for all subsequent reactors. The purpose of this annular gap is
to insulate the hot pressure tube from the cold calandria tube and heavy water

moderator. Many spacer designs were considered, and the following were important
components in selecting spacers:

(a) Adequate strength to carry the loads imposed, and thus maintain the
separation of the tubes.

(b) Low neutron capture cross-section.

(c) Allow axial movement between the pressure tube within the calandria tube
(from differential thermal expansion).

(d) Allow the gas in the annulus to pass by freely.

*CANada Deuterium Uranium - Pressurized Heavy Water,
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Tne springs were then held in a circular shape with a girdle wire of annealed
Zircaloy-2. This wire was spot-welded together at the ends which had been
flattened (2 welds) (Figure 2.3). The resultant garter spring assemblies were a
very loose fit over the nressure tubes, and an interference fit in the calandria
tubes. The fit of these assemblies is illustrated in Figures 2.2 and 2.3.
Douglas Peint to Bruce-Z reactors had two garter springs per channel and later
reactors had four per channel.

2.3 Bruce-8, Cernavoda and Darlington Reactors

A belated discovery was the susceptibility of the loose garter springs
to moving aleng the channels away from their design positions, particularly
during building and commissioning, The pressure tubes sag from the weight of
the fuel and heavy water coolant, and rely on the garter springs to maintain a
gap between the pressure tubes and calandria tubes. When a garter spring is
significantly out of position, contact can occur after a period of operation,
between the pressure and calandria tubes. This contact results in steep
temperature gradients in the tubes which, if sufficient hydrogen/deuterium is
present in the pressure tube, can cause hydrogen to migrate to the cold point of
contact until solid hydride is formed at this point. This occurred in
Pickering-2 channel G16 and a crack initiated at a brittle solid hydride, and
Caused a rupture of tne pressure tube [1]. Solid hydrides have now been
observed on Zircaloy-¢ pressure tubes from Pickering-1 and -2 reactors where
there has been contact between the pressure and calandria tubes. However, a
Ir-2.5% Nb pressure tube removed from Pickering-3 reactor did not show any signs
of hydrogen migration, even though contact had occurred with the calandria tube,
This was because the hydrogen pickup was 25 to 50 times less, resulting in a
much lower hydrogen/deuterium content., Contact may, therefore, not have the
same consequences for Ir-Z.5% Nb pressure tubes. Nevertheless, the hydrogen
level may not remain low for the whole lifetime of a pressure tube, and garter
springs should remain in their design position.

After 1t was realizea that the loose garter spring design could move, the
first reactor which could have a new spacer design was Bruce-8. Laboratory tests
showed that a tightly-fitting spring with the ends hooked together (as used in
NPL ang KANUPP) did not move with any conceivable fuel channel vibration. There
was concern that the hooked ends of a Zr-2.5% Nb-0.5% Cu spring would have radial
hydrides because the hooks could not be made after the heat-treatment. Inconel
X750 garter springs were chosen, but because of the time schedule, a very
conservative design was chosen, A more optimum design, which was much less
material, has been chosen for Cernavoda, Darlington and the new channels in
Pickering-1 and -2 reactors. Unwelded Zircaloy-2 girdle wires are within these
springs (1% revolutions) to allow their position to be located by an eddy
Current method.

Table 2.1 summarizes the garter spring design data for CANDU reactors.
Note that all Inconel X750 garter springs have the ends hooked together, and are
@ tight fit around the pressure tube; all Zr-Nb-Cu springs are a loose fit
around the pressure tube.




Calandria




TABLE 2.1 CANDU REACTOR GARTER SPRING INFORMATION
i
ZLULILIL - : |
e tize

Location from Before Cooling | Coil | Coil t

0.0. 1.0. | No. per | Reactor C/L Depth/Width | 0.0. | Pitch | Dia. 4

REACTCOR Katerial n Katerial wm channel n Material L L] m mm | welded ‘

NPD C.%. Zircaloy-2 | 91.0] AAs@s2 | 191.9 1 0 Iaconel X750 1.0/0.5 4.75] 1.0 | - . f

KANUPP W.T. 2r-2.5% Wb | 0.8 | Zircaloy-¢ | 101.0 2 0.63 Tnconel X750 T.0/0.5 q.32] 1.0 | - - :

Douglas Ft. ‘

REPP 142 C.W. Zircaloy-2 | 90.5| Zircaloy-2 | 107.7 2 0.60 7r-2.53Nb-0.53Cu 1.9/1.0 7.52) 1.3 |1.2 | yes .

Gentilly 1 W.Y. Zr-2.5% Nb | 106.8 | Zirceloy-2 | 11E.3 1 0 | Zr-Z.5¢Wb-U.5%Cu N E B.BI| 1.3 | 1.2 | yes s ‘

Picwering 187 | C.W. Zircaloy-2 | 113.3 | Zircaloy-2 | 130.8 b4 0.9% (Zr-2.54Nb-U.5%Lu 13710 .81 1.3 |1.2 | yes o ‘

Pickering J&8 | C.W. Zr-2.53Nb { 111.5 | 2ircaloy-¢ | 130.8 7 | 0.55 | Ir-2.53Nb-0.5%Cu T, (6.81 ] 1.3 | 1.2 | yes %

[ Tiruce ?!? W Ir-2. 1.5 | Tircaloy-2 | 123.0 Z 091 Ir~2.55N6-0.51u 1.771.0° E8I| 1.3 JT1.2 1 yes ‘

Truce 3 C.W. Ir-2.5% 111.5 | Zircaloy-2 | 129.0 L U.51,1.55 | Zr-2.5eWb-0.55Cu| 1.6/1.0 5811 1.3 | 1.2 | yes ;

Bruce 4 T.W. Ir-2.5% Wb | 111.5 | Zircaloy-2 | 129.0 L “U.51,1.55 1 ar-2. 5iCu 1.671.0 X591 1.3 |G | yes :
Gentiliy-2

fmbalse :
Ft. Lepreau

Wolsung-1 | C.N. Zr-2.53 Nb | 111.8 | Zircaloy-2 | 129.0 4 0.51,1.55 | Zr-2.5%%b-0.5%Cu 1.6/1.0 550§ 1.3 10.9 | yes i

Truce 5,56,7 {C.W. Zr-2.5¢ Mo | 111.6 | Zircaloy-2 | 129.0 z 0.51,1.85 | Zr-2.5%hb-U.5%Cu 15710 5591 1.3 0.9 | yes

Bruce & T.¥. Ir-2.5% Wb { 111.6 | Zircaloy-2 | 129.0 L] 0.51,1.55 Tnconel X750 10710 | 4.83] 1.2 |0.9 [ :

Térnavoda | C.W. Zr-2.5% Wb | y ircaloy-2 | 129.0 b 051,155 Tnconel %750 U.870.8 FB3] 1.6 |09 no ]

“Darlington | C.W. Zr-2.5% Wb | IT1.8 | Zircaloy-2 | 129.0 L 0.51,1.55 Tnconel X750 LETOEE F531 1.6 |08 no ;

Fickering 187 . ,

Retubed C.W. Zr-2.5% Nb | 111.8 § 2ircaloy-2 | 130.8 4 0.51,1.55 Inconel X750 0.8/0.8 4.83] 1.6 |0.9 no |
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3. gg:}ﬁgSAND TESTING OF UNIRRADIATED PICKERING-A AND BRUCE-1&2 GARTER
N

3.1 Design

The designs of the Pickering-A and Bruce-1&2 garter springs were very
similar with the same wire and coil dimensions, but slight differences in other
dimensions because of the small difference in calandria tube diameter. Drawings
for the two assemblies are shown in Figures 3.1 and 3.2. The design load for

P each spring was 1380 N for 2 springs per channel which is spread over a number
of coils. (This was later raised to 1550 N.) The peak load per coil was
i estimated at 22 N.

| 3.2 Operating Temperature

|
; A Douglas Point garter spring was electrically heated (to simulate gamma

| heating) and held between a hot section of pressure tube and a cold section of

\ calandria tube. The temperature of the garter spring was estimated using

| indicating paints and miniature thermocouples. These experiments indicated that

the temperature of garter springs was almost constant and about equal to the

pressure tube temperature [2]. Thin sheets of mica were, however, used to

electrically insulate the spring from both the pressure and calandria tubes, so

it is unlikely that local cold spots, where coils contacted the calandria tube,

would be produced.

33 Ir-2.5% Nb-0.5% Cu Alloy Properties

The Ir-2.5% Nb-0.5% Cu alloy was examined to find a satisfactory treatment

for strength and hydride orientation. The optimum mechanical properties are

developed after water-quenching from about 40 K below the §-transus and aging at

310 K for 6 h. In this condition, it was found that straining the wire to make

springs resulted in hydrides which were unfavourably (i.e. radially) oriented |
[(3). Thus, it was recommended that all heat treatment be done after making the |
springs. Tensile tests on heat treated specimens after irradiations up to |
3 x 1024 n/(m€.s) (>1 MeV) showed the following effects of irradiation [4,5)" |

(a) yield strength increased about 25%;
(b) reduction of area was not affected;
E (c) wuniform elongation was reduced.

; 3.4 Wear and Fatigue Tests

Garter springs were tested for fatigue and wear in rigs made up from
sections of pressure tubes (at 565 K) and calandria tubes. The loads imposed on
the garter springs were up to 4700 N, i.e. more than three times design load,
| and the pressure tube sections moved relative to the calandria tube by 12.5 mm
for 1500 cycles [6). Metallurgical examination of the garter springs showed no
distortion, wear, or change in hardness with testing. Wear marks were apparent
on the bottom half of both the pressure and calandria tube sections. The
maximum depth of marks observed were 0.06 mm on the pressure tube, and 0.19 mm
on the calandria tube, and the average depths from all the tests (regardless of

load) were 0.04 mm and 0.07 mm, respectively.

L L N W AT N e A
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Rolling wear tests on broken Douglas Point garter springs showed that
they still performed satisfactorily [7].

3.5 Crushing Tests

Sections of garter spring, 90 mm long, were crushed at room temperature
between mandrels that had the same curvatures as the inside of a calandria tube
and the outside of a pressure tube [8]. The tests showed that these sections
became unstable at loads greater than about 45 000 N (although maximum loads of
up to 110 000 N were achieved) with the coils starting to tilt sideways
(operating loads are up to a maximum of 1550 N).

3.6 Hydrogen Migration

Pieces of garter springs were placed between Zr-2.5% Nb plates, one at
about 610 K and the other at about 345 K. After only 9 days' exposure, a solid
hydride was seen at the point of coils where they touched the cold plate [9].
There was no simulation of gamma heating in the coils, so that the temperature
gradients were not the same as in a garter spring in service.

Some similar tests on Douglas Point garter springs placed springs which
had been hydrided up to 500 ppm™ between Zircaloy-2 faces at 566 K and 333 K at
loads of up to 270 N per coil for up to 2 months [7). Some of these springs
with the highest hydrogen and loads failed during exposure after 150 to 200 h.
However, springs with 100 ppm hydrogen and loaded at 180 N per coil were intact

after 1500 h; crush testing these springs showed the failure load had only
decreased 15%.

4, EXAMINATION OF GARTER SPRINGS FROM PICKERING-A AND BRUCE-2 REACTORS

Garter springs have been examined which were removed when pressure tubes
were changed in Pickering-3 and -4 reactors after 2 years' operation, Bruce-2
after 5 years' operation, and Pickering-1,-2,-3 and -4 after about 12 years'
operation. The operating times are listed in Table 4.1 below.

TABLE 4.1  OPERATING TIMES FOR GARTER SPRINGS EXAMINED.
Reactor Removal Date Operating Time (EFPH*)
Pickering-3 1974 August 12850
Pickering-4 1975 May 15140
Br.ze-2 1072 October 40535+
Pickering-1 <201 November 88900
Pickering-2 ixo . Yugust 86885
Pickering-3 1984 April 83758
Pickering-4 1984 September 82670

*effective full power hours;
4500 x 10-% wt¥

**full power taken as 2515 MW (i.e. design).
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on the pressure tubes, Pickering-2 J15, where the garter springs were supposed
to be correctly identified, and Pickering-1 P14 garter springs, where the garter
springs were received with end fittings. Thus, except for these four channels,
garter springs have been numbered 1 and 2 for identification. The garter springs
from the channel P2-Gl6 were received in many broken and deformed pieces. Most
of this damage was believed to have occurred from the rupture of the pressure
tube but further damage may have occurred when removing the pressure tube.

Most of the garter springs received (~ 70%) were completely intact, i.e.
unbroken and undeformed. Some garter springs were deformed and a few were
broken and deformed. We believe that all the deformation and breakages were due
to handling and shipping damage after service in the reactors (except for
P2-Gl6). Most of the garter springs were shipped in the same cavity in the
shipping flask as the pressure tube pieces, and one spring, P1-Gl6 [2], was
jammed on the end of a pressure tube section; it was deformed but not broken.
Figure 4.3 shows photographs of an undamaged spring, a deformed spring and a
broken and deformed spring. A summary of the condition of the springs is given
in Table 4.3. No hydride blisters were visible on any of the springs, and oxide
appeared to be thin with different interference colours. The spring from B2-Al4
showed the least signs of deformation at its fractures and photographs are shown

in Figure 4.4. A11 other fractured springs showed much more deformation close
to the fractures.

4.2.2 Neutron Radiography

Neutron radiography was tried on an unirradiated garter spring which had
had a temperature gradient imposed to give solid hydride on the surface. This
technique proved to be unsuitable for detection of hydrides in garter springs,
because the resolution was insufficient to detect solid surface hydrides of the
size which have been observed.

4.2.3 Metallographic Examination

- -

(a) Garter Springs: Most sections of coils from the middle of springs
showed migration of hydride to the outside of the coil where there had been
contact with the calandria tube. In the few springs where this migration was
not observed, the deuterium concentration in the spring usually suggested that
the spring had not operated with the middle at the bottom (see Section 4.2.8).
The garter springs in P1-P14 operated very near the ends of the channel and
probably did not have any portion squeezed between the pressure and calandria
tubes; the observed absence of solid hydrides would therefore be expected.
Figure 4.5 shows examplies of solid surface hydrides of different sizes.

Table 4.4 summarizes the dimensicns of observed solid surface hydrides; note
that the size range is unlikely to be real because we probably did not section
through the largest hydride all the time. MNote that garter springs P1-G20(1)
and P3-J09(2) showed more than cne solid hydride on a middle coil, which indi-
cates that the contact points between these garter springs and the calandria
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TABLE 4.3  SUMMARY OF VISUAL EXAMINATIONS OF PICKERING A AND BRUCE-2 GARTER I
SPRINGS |
Spring |
ldentification Garter Spring and Girdle Wire Condition |
B2 Al4(E) (outlet) Spring broken near middie (5 fractures), deformed
elsewhere/girdle wire intact ‘
B2 Al4(W) Spring/girdle wire intact
, Pl G14(1) Spring/girdle wire intact |
Pl G14{(2) Spring broken and deformed/girdle wiri: broken
’ Pl Gl6(1) Spring intact/girdle wire broken |
Pl Glé6(2) Spring intact but deformed/girdle wire broken |
P1 G20(1) Spring intact/girdle wire broken |
Pl G20(2) Spring intact/girdle wire broken
P1 KO5(1) Spring/girdle wire intact
P1 KO5(2) Spring intact but deformed/girdle wire intact
Pl K18(1) Spring/qgirdie wire intact
“ P1 K18(2) Spring/girdle wire intact
% P1 P14(E) (outlet) Spring/girdle wire intact }
3 Pl P14(W) Spring/girdle wire intact
P2 GO7(1) Spring intact but deformed/girdle wire broken
P2 GO7(2) Spring broken and deformed/girdle wire broken
' P2 J15(E) Spring/girdle wire intact |
j P2 J15(W) (outlet) Spring/girdle wire intact l
P |
y P2 K11(1) Spring/girdle wire intact |
{ P2 K11(2) Spring/girdle wire intact i
1 P2 K13(1) Spring broken in 2 places and deformed/girdle wire broken ‘
i - Pz K13(2) Spring/girdle wire intact
P2 Glb Spring/girdle wire broken into many pieces and deformed
| P2 ¥09(1) Spring/girdle wire intact
P2 vOs(2) Spring/girdle wire intact
P3 J0%(1) Spring/girdle wire intact
P3 J09(2) Spring/girdle wire intact
P4 N1G(E) (outlet) Spring/girdle wire intact
P& N1&(W) Spring broken in 2 places and deformed/girdle wire broken

R 1 im T — A st st | 2o L ga L




Figure 4.4
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RE-414-A x5

Fractured region of the Zr-Nb-Cu garter spring from Eruce-2 Al4(E)
(5 years' operation).
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TABLE 4.4  HYDRIDE OBSERVATIONS IN THE MIDDLE OF GARTER SPRIMGS AT THE OUTSIDE
OF THE COILS

Spring Identification Surfzce Solid Hydride Dimensions, depth x width, mm |
B2 Al4(E) 0.15 x 0.80
. B2 Al4(W) No solid hydride
P. Gl4(1) 0.06 x 1.05
. Pl Gl4(2) 0.06 x 0.38
P1 Gle(l) 0.03 x 1.80
Pl G16(2) 0.11 x 1,38
P1 G20(1) 0.03 x 0.40 + 0.03 x 0.30
‘ P1 G20(2) Not sectioned
Pl KO5(1) 0.04 x 0,90
P1 K05(2) Not sectioned
| P1 K18(1) 0.10 x 2.30
| Pl K18(2) 0.10 x 1.25
i Pl P14(E) No solid hydride
| Pl Pl4(W) No solid hydride
Pz GO7(1) 0.05 x 1.45
P2 GO7(2) 0.10 x 1.50
‘ P2 J15(E) 0.03 x 1.20
’ P2 J15(W) 0.05 x 1.70
| P2 K11(1) No solid hydride, some concentration
| P2 K11(2) 0.10 x ? (width not known - at fracture)
e P2 K13(1) No solid hydride, some concentration
P2 K13(2) No solid hydride in middle, 0.10 x 1.3 at end
£ P2 Glé Unable to determine middle on pieces retrieved
| P2 v09(1) 0.02 x >0.95
| P2 v09(2) 0.06 x 0.50
| P3 JO9(1) 0.05 x 0,95
P3 J09(2) 0.05 x 0.80 + 0.03 x0.60 + 0.02 x 1.10
P4 N16(E) No solid hydride
P4 NI1G6(W) No solid hydride
|
l
|
I
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C48F1 x100
Garter spring P1G20(1) showing small surface hydride layer.

Examples of surface hydride layers on garter springs where they have been in contact with the cold
calandria tube.



tubes changed slightly during service. Garter spring P2-K13(2) which showed no

solid hydride in the middle, and deuterium concentrations at the middle and'ends
opposite to the usual, showed a solid surface hydride at one end; this confirms

that the spring operated upside down.

The oxide thickness on all springs was about 1 um.

(b) Girdle Wires: Girdle wires from garter springs Bz-Al4E, P2-J15E,

P2-J15W, P3-J09(1), P3-J09(2) and P4-N16(E) have been metallographically examined.

The general structure of the wires was equiaxed « grains about C.04 mm
across, with some voids within the wire (Figure 4.6(a)). A1l the welds appeared
to be in good condition, but with more voids in this region (Figure 4.6(b)).

The oxide thicknesses on the specimens from girdle wires are summarized
below:
OXIDE THICKNESS, um
weld Area Away from wWeld

Bruce-2 Al4(E) % to 3 % to 2
Pickering-2 J15(E) % to 2 % to 3
J15(W) % to 3 % to 2
Pickering-3 J09(1) - 10 to 30
J08(2) - 8 to 24
Pickering-4 N16(E) 1 to 2 8 to 14
Ni6(W) 1 to 2 7 to 11

{c) Pressure Tube: A section was cut through the pressure tube from
channel P2-J15 at the west (outlet side) garter spring mark (note that the
gerter springs in this channel were in the design position during operation).
The mark had a maximum depth of 16 um and showed a deformed layer under the mark
and some twinning in the surrounding matrix (see Figure 4.7). There was no sign
of hydride migration to the garter spring mark. The garter spring marks on the
pressure tube from P3-J09 appear to be a little different than previously
observed. The oxide on the pressure tube appeared to have worn away. However,
metallography of the west (cutlet) mark showed oxide throughout the mark which
was thicker than on the rest of the surface, with no hydride associated with the
mark; the depth of the mark was very small and could not really be separated
from normal surface variations on the microsection.

(d) Calandria Tube: A section was cut through the calandria tube
from chaniel P2-G16 at the west (inlet side) garter spring mark. The west
garter spring was in the design position in this channel, but the east one was
over one metre inboard. The load on the west garter spring would, therefore, be
less than if both springs had been in the correct position. Figure 4.8 shows
the profile of the mark which has a maximum depth of 2 um. There was no hydride
concentration near the mark.,

o W -

sections 40-45 mm long from the ends and middles of springs were crush
tested at room temperature, mostly between curved mandrels. The crosshead speed
was about 4 um/s. The results are summarized as fo)lows:




C3611 typical structure of 100X
girdle wires.

C36]12 typical structure at 100X
weld ares of girdle
wires (showing voids)

Figure 4.6 Typical metallurgical structure in girdie wires both away from the
weld and in the weld area (PZJ15).
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L3586

Ve i a8
2 Jd=-15-P=-W (1/V) g

garter spring mark 1o um max depth X500

Figure 4 section shewing the profile of a garter spring mark on the outer
surface of the pressure tube from Pickering-2 J15.
)
PZG16-L-W (194 X500
) tion showinag the profile of a agarter spring mark on the inner
irface of the calandria tube from Pickering-2 Gl6.
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Al4 West-end, section length 45 mm

Bruce-2 Garter Springs: 40535 EFPH (at 0.88 of rated power)
Inflection in loading curve at 59 kN; curve continued to 120 kN and

| unloaded and inspected - broken into pieces; maximum load per coil

’ ~3.4 kN.

Al4 West-middle, section length 42 mm
Load drop when load reached 29.7 kN - visually examined and found to

be intact but with a kink; reloaded to 44 kN where loading curve
: flattened - visually examined and found part of the section squashed
and a few coils broken off one end; maximum load per coil ~1.3 kN.

it Al4 East-end, section length 41 mm (some sideways deformation before
testing)
Load drop when load reached 31.4 kN - visually examined and found to
be intact; reloaded to 40.7 kN where loading curve flattened - visu-
ally examined and still intact except for some flattening of coils at
one end; maximum load per coil ~ 1.3 KkN.

I
Al4 East-middle, section length 42 mm. (This test was between flat
plates so that the maximum bending strecs was on the section of coil with
solid hydride on the outside surface.)
Load up to 34.9 kN with no marked fl.itening in the curve but with a
change in slope at 28.4 kN - visual inspection showed fracture at one
end which probably occurred at 28.4 kN; maximum load per coil ~0.9 kN
at fracture.
|
|
|
|

Pickering-2 Garter Springs: 86885 EFPH

J15 West-end, section length 40 mm
Load drop when load reached 31.0 kM - visually examined and found to
be intact; maximum load per coil ~1.0 kN (no fracture).

J15 West-middie, section length 40 mm
Load drop when load reached 26.4 kN - visually examined and found to
be intact; reloaded to 46.2 kN before load drop - visual examination
showed several pieces broken off; maximum load per coil ~1.5 kN.

J15 East-end, section length 45 mm
Load drop when load reached 18.0 kN - visually examined and found to
be intact but with some surface flattening; reloaded to 44.7 kN -
B visually examined and still intact; maximum load per coil ~ 1.3 kN
(no fracture).

J15 East-middle, section length 44 mm
Load deviation when load reached 54.0 kN but reached 57.8 kW before
unloading - visual examination showed some surface flattening and some
pieces broken off, probably at 54.0 kN; maximum load per coil ~ 1.6 kN.

J15 East-near middle, section length 45 mm

Loaded to 58.2 kN before load drop - visually examined and section had
flattened and broken into many pieces; maximum load per coil ~ 1.6 kN.
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two tests were 935 N and 985 N, with a reduction of area of 22%. The diameter
of the wire was 1.19 mm which gives breaking stresses of 840 and 885 MPa.

TABLE 4.6  TENSION TEST RESULTS FOR GARTER SPRING SECTIONS - ROOM TEMPERATURE.

Length | Maximum | Spring
Spring Tested | Load Stretch Remarks
Identification mm N %
PZ-G1b 25 165 150 Broke where hooked
(not deformed)
- Pe-Glo S0 173 12 Eroke where hooked
‘ (deformed)
Pi-014(1) 100 170 110 Did not break - later
A shown to contain solid
surfaco hydrides

Three bend tests were performed on sec:tions of Zircaloy-2 girdle wire

using manipulators in the cells.

This section of wire remained intact,

Figure 4.9. Two more sections were bent using a vice in-cell. They were bent

from P2-V09(1). In the first test, a section of wire was bent through 180°
through a sharp 90° angle (Figure 4.9).

I

|

|

|

Both were then bent through 180° to

P2 VOS-GW (1)

Figure 4.9 Bend tests on Zircaloy-Z girdle wire from garter spring P2v09(1).

give a similar sharp 90° bend in the opposite direction. One then broke almost
immediately on attempting to bend back again (the fracture was close to a weld)
while the other bent about 45° before breaking.

These tests showed that the girdle wires are retaining excellent ducti-

lity and strength,
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TABLE 4.9 DEUTERIUM CONCENTRATIONS OF GARTER SPRINGS FROM PICKERING AND BRUCE

*not truée ends and not incluaed in averages. “not included n averages.

REACTORS.
Deuterium Concentration, ppm weight, in
different positions |
Spring
Identification | End 1 {178 1/4 | 3/8 | middle [ 5/8 | 3/4 | 7/8 | End 2 1
B2 Al4(E) 8 - 5 - 2 - - - 9 1
B2 Al4(W) 3 |- 2)=L b le)etst-
B2 Average 0 2
’ PL G14(1) 3% 4« a bW Lelied e 'S |
Pl G14(2) 1+ » 1o 38 o b =l .
Pl Glée(l) 20 - 4 - 0.5 - - - "
Pl G16(2) 105 - 31 - 3 - - - -
Pl G20(1) 114 - 48 - 8 - * & .
Pl G20(2) not measured
Pl KO5(1) 192 - 4 - 4 - » » -
Pl K05(2) not measured
Pl K18(1) 52 - 15 - 3 - . 5 »
Pl K18(2) 117 17 21 5 3 4 28 73 240
Pl P14(E) 23 - - - 1 . N B i
Pl P14(W) 22 - . . ? . " " o
| Pl Average 8/ T
| pe GO7(1) 37 - - - 6 - - - "
P2 GO7(2) 48 - - - 4 - . k =
; P2 J15(F) 70% | - 36 - 39 48 74 - 66* i
| P2 J15(W) - (19 1| - 10 |12 {17 | - | s7* |
P2 K11(1) 85 » - - 40 - . - " '
Pz K11(2) 36 - - - 5 - - - - _
I
| P2 K13(1) 49 - - - 18 - - > - |
g P2 K13(2) 63 | - - | = 1117 v d = LiwT 39
Pz v09(1) 64 - - - 9 P - > i
P2 V09(2) 160 | - - | - 20 e . |
P2 Average (13 17 |
P3 J09(1) 62 16 17 5 3 - - - N
P3 J09(2) 64 - 20 - 3 i
P4 N16(E) a1 - =1- 2 |
P4 N16(W) 50 - - - 33 |
P3/4 Average | 54 10 ]
|
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The results of deuterium analyses from different positions around the
garter springs are summarized in Table 4.9. The results show that, with two
exceptions, the deuterium concentrations are higher at the ends of springs than
in the middle. The only exception with a much larger deuterium concentration in
the middle than the ends (P2-K13(2)), showed solid hydride at the end, rather
than the middle during the metallographic examination (4.2.3).

The deuterium concentrations of the Bruce-2 springs are much lower than
for the Pickering A springs, which is probably due to both carbon dioxide in the
annulus in Bruce compared to nitrogen in Pickering A, and to the shorter opera-
ting time.

The difference in deuterium concentration between the middle and ends was
less in Pickering-2 springs than for other Pickering-A springs. This may
indicate that the annulus gas was less stagnant in Pickering-2 than the others,
thus not allowing deuterium to segregate as much to the top of the channels.

Deuterium concentration was measured for the girdle wires from some
channels. The results are summarized in Table 4.10.

TABLE 4.10 DEUTERIUM CONCENTRATIONS FOR GIRDLE WIRES

Deuterium Concentration,

ppm weight,
in different positions

Near Weld Away from Weld

B2-A14(E) - 24,23

(w) L 17;14
P2-J15(E) 15,15 31,52.25,25

(W) 18,18 25,27,26,25
P3-J09(1) - 55,56

(2) - 81,78
P4-N16(E) - 47,36,370?

(W) - 48,42

4.2.9 0va11tz

The dismeter of the coils in the middle of springs B2-A14E, B2-Al4W,
P1-J15E and P2-J15W were measured with a micrometer to an accuracy of about
0.025 mm. No ovality could be detected.
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(1)

(2)

(3)

(4)
(5)

6.
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SUMMARY

The garter springs were probably all intact after service up to 12 years
in-reactor; any broken springs showing signs of heavy deformation
indicated handling damage, either when removing from the reactor or
during shipping.

A1l garter springs, which operated with the ends at the top, showed solid
surface hydride on the outside coils in the middle of the springs (where
they contacted the cold calandria tube).

Crush, crush fatigue and stretch tests show that the garter springs
retain strength, fatigue resistance and ductility after 12 years
operation that is much greater than is required in service, even with
solid surface hydride present.

Hydrogen concentrations are unchanged by in-reactor service.

Deuterium concentrations of up to 240 ppm were observed on springs from
Pickering A. The deuterium was much greater at the ends of the springs
than the middle. The concentrations were much lower for the Bruce-2
springs than Pickering-A.

Oxide thickness on the garter springs was about 1 um,

The Zircaloy-2 girdle wires retained excellent strength and ductility
after reactor service.

Oxide thicknesses of up to 30 um were observed on girdle wires.

CONCLUSIONS

The garter springs from Pickering-A and Bruce-2 showed good strength and

ductility, despite some solid surface hydrides, and show negligible corrosion
after up to 12 years' service.
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