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ABSTRACT: In CANDU™ rcactors, fuct and coolant are contained in horizontal pressurc tubes
made ot Zr-2 5 wi% Nb alloy. In the past decade, the effect of more than 20 impurnity elements,
i various concentrations, on oxidation and deuterium pickup (at 300°C, pD = 10.5, Li,0)
have been investigated in over 70 Zr-2 5Nb alloys The studies were performed using non-
consumable arc melted alloy logs thut were rolled and made into corrosion coupons and cor-
roded in autoclaves, This study rcpresents one of the fargest collections of previously unpub-
lished data on the effect of impunty clements on oxide Alm growth and deutenium pickup in
a sirconium alloy. Elements such ay Al, Ti, M, and Pt, to name but a few, were found to
significantly accelerate the cormosion process. Some elements, such as tin, had a positive effect
on oxidation (lowers the rate of oxide film development) and a negative effect on hydrogen
pickup (ncreases pickup) Three parameters were important to the corrusion process, namely,
microstructure, surface finish, and synergistic interactions between the impurity elements.

The above studies culminated in two response surface analyses (RSA) The first was con-
ducted on the effect of C and Fe on oxygen and deuterium pickup in Zr-2 SNb drop castings
corroded at 325°C in CANDU® conditions The second study was performed in autoclaves at
300°C on the affect of four impunty elements, C, Fe, Cr, and Sy, in Zr-2.5Nb micro-tubes,
which possess the same microstructusc as full-size pressure tubes The first RSA revealed a
quadratic dependence of corrosion on C and Fe concentrations, with an optimum resistance at
about 30 ppm (wt) C and 1100 ppm (wt) Fe. This has been partially contirmed by out-seactor
corrosion of Zr-2.5Nb-Fe micro-pressure wbes. Trends in- and out-reactor were similar for
oxidation but different in magnutude for deuterium pickup There is no lhinear dependence on
the Fe concentration in-reactor, implying that Fe and C form a complex. The second RSA
showed no effect due to Si. Cr weakly influenced oxide film formation, at lcast for short-term
exposures.

KEYWORDS: response surface analysis, impurities, Zr-2.5Nb, corrosion, hydrogen prekup,
deuterium pickup, minor alloying additions

There is a paucity of literature dealing with the relationship between small concentrations
of alloying elements and hydrogen pickup in zirconium alloys. Most publications deal with
fabrication modifications or alloying additions to the Zircaloys in excess of 1% and discuss
oxide film growth or nodular corrosion (see, tor instance, Refs [ to 4). A few publications
have looked at the effect of trace elements such as in Ref 5 (Zircaloy-4); however, the
primary emphasis has been on weight gain analysis that is due mainly to oxide film growth.
Perforation of Zircaloy fuel cladding can be a concern if podular corrosion occurs. With
increased economic pressure for higher burnup, hydrogen ingress is receiving more attention
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In 1976 Cox reviewed the effect of alloying elements on zirconium corrosion [6], including
the influence of minor elements (ppm range) in alloys other than the Zircaloys, for instance
Zr-1%Nb. The referenced work originated from experiments performed in the 1950s, and
not until recently have researchers begun to carry that work forward.

This publication deals with the corrosion of Zr-2.5Nb, the allay used for CANDU® pres-
sure tubes. Although this alloy has a low pickup rate, it does not possess an extensive
precipitate population or suffer from nodular corrosion. However, it must be optimized to
resist deuterium ingress because component lifetimes are approximately 30 years. Factors
such as the presence of residual impurities in the alloy might influence deuterium pickup
and therefore must be critically investigated. As late as the 1980s, there were no data to
relate pickup to minor impurity concentrations.

Data generated from programs to determinc the cffcct of low concentrations of impuritics
on deuterium ingress in CANDU materials and conditions (300°C, pD = 10.5) are reported
here. The programs chronologically developed an increasing level of sophistication, from the
testing of laboratory-produced non-consumable melted alloy buttons to a response surface
analysis (RSA) of Zr-2.5Nb micro-pressure tubes. The order in which these corrosion pro-
grams were implemented was:

1. Non-consumable, arc-melted, Zr-2.5Nb alloy logs with various concentrations of added
ternary elements (21 elements tested), usually in the range of 100 to S000 ppm (wt),
were hot-rolled into sheet form and corrosion tested {7.8].

2. Zr-2.5Nb/C drop castings [9].,

3. Zr-2.5Nb drop castings with C and Fe concentrations determined from a statistical
design of experiment (DOE) with the objective to determine the corrosion response
over a limited range of Fe and C concentrations, i e., an RSA [/0].

4. RSA of micro-pressure tubes with various concentrations of C, Fe, Si, and Cr.

The references for Nos. 1 to 3 contain details of chemical compositions, fabrications
routes, microstructures, and, in the case of No. 3, raw and detailed analysis data that permit
an evaludtion of the applicability, strength, and limitations of the RSA technique. Data in
this manuscript have never been published, except Fig. 2, which appeared in a company
publication |10}, available upon request. Reference /0 was prepared to provide details of the
RSA technique that otherwise, if included here, would have added unnecessary detail and
confused the primary thrust of the manuscript, that is, to demonstrate the power and advan-
tage of using statistical techniques to investigate complex phenomena such as corrosion.

The RSA 15 a method for designing a malti-control parameter experiment using the min-
imum number of tests that will generate a significant result over the complete range of the
control variables. Synergistic interactions between variables can be revealed as well as a
description of the response over the variable range, thus permitting the tailoring ot an op-
timized product (i.e., determining an optimum response after considering trade-offs between
the control variables).

In corrosion studtes, it is often assumed that the effect of an alloying or impurity element
is linear with its concentration. Even when non-linear responses are expected, it is rare that
synergistic interactions with other elements have been considered. For instance, changing
the concentration of Sn in a Zircaloy may have been investigated, but the data are relevant
only to those alloys containing the same concentration of Fe, etc. What the RSA yields is
not only how the concentration levels of Sn will affect the corrosion response, but also how
the response changes for various combinations of all the other variables, i.e.. such as the
other alloying or impurity elements. By examining the fitting residuals, the RSA warns if a
significant contro! variable has been overlooked. “What jf” predictions are routine; for ex-
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ample, what 1f the Sn concentration is one and a half times the current practice and the Fe
concentration is double, or, if there 15 poor control of the Cr concentration, the RSA will
predict the expeuted result.

Experimental Procedures

The preparation of non-consumable, arc-melted logs has been described in a previous
publication {7]. For all the alloys, impurity elements were added to the same Zr-2 5Nb stock
and arc-melted six times to form a 50 10 55 g log approximately 150 mm long and 15 mm
in diameter. The logs were wrapped in sirconium foil, encapsulated in an evacuated quartz
tube, and homogenized for seven days at 973 K (700°C), cooled, cleaned, heated to 1023 K
(750°C) in air and hot rolled into strip, machined into 20 to 30 coupons (each about 15 X
7 %X 1 mm), abraded to 600 grit, pickled, washed, dimensioned, and exposed to D,O at
300°C. The compositional data listed in Table | were obtained using several analysis tech-
niques, each of which often yielded different concentration values Also, the apparent com-
position would, on occasion, vary from spccimen to specimen. Thercfore, the valucs in Table
1 should serve only as an approximation since they could be in error by as much as 30%.
There was no attempt to contro! the coupon microstructure (see Ref 8) or measure variability
in the impurity concentrations of the stock material.

Except for the alloys described above, Wah Chang, Albany, Oregon, U.S.A fabricated all
other materials. A small number of drop castings of Zr-2.5Nb with various concentrations
of C were produced to test the corrosion response as a function of C concentration These
castings were manufactured from the same stock material and, therefore, maintained the
same background impurity concentrations except for random amounts of tungsten onginating
from the arc-melting process. Drop castings were produced by non-consumable arc-melting
(using a tungsten clectrode) small quantitics of Zr-2.5Nb with C fibers, then drop casting
the melt to form a 2.5 X 2.5 X 9.5 cm button that was subsequently heated, cross-rolled,
and finally, cold-rolled into 1.5 mm thick sheet (see Ref /0 for details). Corrosion coupons
cut from the sheet were machine finished to RMS 40. A description of the drop castings and
their chemical compositions can be found in Refs 9 and J0." ’ .

Whereas drop castings in which only C was varied were useful in answering some of the
questions regarding corrosion response as a function of C concentration, it was not possible
to determine whether synergistic interactions were present with other impurity elements. kor
example, the test data obtained for the fixed Fe (or any other element) concentration might
be different if the Fe concentration was significantly changed For this reason, an RSA
experiment was designed with eleven unique, and five “‘repeat” drop castings 110) with
vanous concentrations of C and Fe, generated by a commercially available software program,
ECHIP [//]. for a “continuous™ quadratic response surface These alloys were corroded in
a test reactor and in an autoclave. in the same loop. for approximately 450 days. The cor-
rosion response at 325°C was measured over the concentration range 150 to 3000 ppm (wt)
for Fe and 30 to 300 ppm (wt) for C.

Although the Zr-2.5Nb-Fe/C RSA was instructive, it was performed on specimens (drop
castings) that did not have a CANDU pressure tube microstructure. [n Zr-2 SNb pressure
tubes, the o-Zr grains are clongated by the extrusion process and encased in a thin network
of B-Zr (about 10% by volume when manufactured). This is very different from the almost
cquiaxed microstructure scen in drop castings, an cxamplc of which can be scen in Fig. |
of Ref 70. Hence, a second DOE test matrix was produced for micro-pressure tubes having
generally the same microstructure as full size tubes Micro-pressure tubes were fabricated
from forged alloy octagons with a nominal diameter of 5 cm and a length of 35 cm. A 12
to 13 cm length of the octagon was extruded into a 140 cm long micro-pressure tube with
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TABLE 1—Cormmston data for non-consumable melted Zr-2.5Nb ternaries.

Concentration | Days of | Oxygen, | Deuterium, | Control, | Control, | Difference | Performance
in ppm (wt) | Exposure [ mg/dm? | mg/dm? | Days |mg/dm? mg/dm? Factor
Al 1000 3760 | 32/S . §, 0786 60 0265 052 30
Si 45 10 14 0072 10 0097 002) 07
300 (] 137 0.103 10 0097 0.0 1.1
400 364 50 0686 364 0 825 (0.14) 08
515 361 149(s) 0996 364 0 825 0.17 1.2
2600 37203 | 98/S 1.981 203 0561 1.42 35
P 15 1201203 § 96(:)/S 0.946 203 0.561 0.38 1.7
50 365 13 0 891 365 0827 006 1.1
375 80/120 | 44(s)/S 0310 120 0403 041 20
592 203 161 0.773 203 0561 0.21 14
Ti 475 1710 89/S 0858 10 0.097 076 3.9
975 1710 | 58/8 0.360 10 0097 026 37
2215 1710 |364/S 1195 10 0097 1.10 124
\% s ki 4R 0028 3 0051 (0 02) 0.6
110 301 70 0.722 301 0.727 000y 1.0
525 365 69(s) 1.158 365 03827 033 14
800 427122 1157/8 0.788 122 0407 038 1.9
90N 300 144. 0866 300 0725 0.14 1.2
5400 1207200 | 254/ 1 551 200 0.556 100 2.8
Cr 410 360 56 0.731 360 0.819 (0 09) 09
435 360 261 1,135 360 0.819 0.32 1.4
890 120 165 £ 0667 120 0.403 0.26 1.7
1010 120 148 0865 120 0403 |, 046 21
4550 300 107 0.984 300 0.725 026 14
4965 120 729 1 646 120 0403 124 4.1
Mn 260 364 124 0924 364 0.825 0.10 1.1
400 173 8/8 2727 3 0058 2.68 536
1000* 3740 19/8 0332 40 0.209 0.12 16
4020 120 215 0.702 120 0403 030 1.7
Fe 150 202 5t 0255 202 0.560 (0.30) 0.5
525 200 32 0209 200 0556 (0.35) 04
640 202 56 0609 202 0560 005 Iy
750 202 59 0591 202 0560 003 1
4635 202 91 0 845 202 0.560 029 1.5
4850 81 nm 0348 8) 0317 053 27
Nt 155 300 59(s) 0543 300 0725 (0 18) 07
433 J00 1474(s) 4203 300 0.725 348 58
1000 120 | 600(s) 0995 120 0403 0.59 2.5
1120 199 600 2171 199 0554 162 39
5240 200 1209(s) 46 871 200 0556 4632 84.3
Cu 470* 3 7 oon 3 0051 0.02 14
1050* 3 8 0695 3 0051 064 137
5300+ t 6 0.347 1 0029 0.32 12.0
Ge 500a* /39 | 1918 0282 19 0206 008 14
500b* 60 50 0705 60 0265 044 27
Hoo* 3 48 0228 3 0.051 018 45 ‘]
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TABLE |—Continued

Concentration | Days of | Oxygen, | Dewmerium, { Control, | Control, | Difference | Performance
in ppm (wt) | Exposure | mg/dm? | mg/dm? | Days |mg/dm?| mg/dm? Fuctor

Mo 585 60 195 0432 60 0265 017 16
1090 40/121 45 1199 121 0405 079 3o

1200 199 39 0512 199 0554 (0.04) 09

4600 1739 2718 0630 39 0206 042 3.1

Ag 350 3 S 4317 3 0051 427 848
1000+ 807120 27(s)/S 0658 120 0403 0.26 16

In 1020 3760 10/8 0049 60 | 0265 022) 02
Sn 470 700 89 0.895 700 1.301 041) 0.7
1020 700 103 1.003 700 1.301 (030) 0.8

5030 700 88 0911 700 1.301 . 39 0.7

9900 700 138 1.893 700 1301 059 1.5

Ce 1150 4/40 5518 0654 40 0209 044 3.1
4600 10740 58/8 0.370 40 0209 016 18

Hf 860* 3 10 0096 3 0051 0.05 1.9
1000* 3/10 32/8 0.206 10 0097 0.1 2.1

5000* 120 K 0374 120 0.403 0 03) 09

w 500q* 3 S 0338 3 0.051 029 66
500b* 40761 9478 0418 61 0.267 015 1.6

1100* 10/40 26/S 0.342 40 0.209 013 16

5000* 120 49(+) 0.323 120 0403 (0 08) 08

Re 430* 10 30 0.171 10 0097 007 1.8
880* 10 29 .0.179 10 0097 0.08 L9

4200* 10 30 0.146 o aom7 003 1.3

4600a* 10 22 0071 10 0097 (003) 07

4600b* 3 21 0144 3 0051 009 28

Pt 440 10740 37/8 0289 40 0209 0.08 14
S000* 10/60 2418 0790 60 0265 0.53 30

Au 570 1110 S/S 0271 10 0.097 0.17 28
1000 60/120 | 25/S 0453 120 0.403 003 1.1

* = jndicates a questionable analysis

an outside diameter of 14 mm and wall thickness of 2.75 mm. Numerous 1.25 cm long
sections were cut from the micro-tube for corrosion testing.

No attempt was made to investigate the role of microstructure in corrosion, only to main-
tain a consivtent fabrication route for all of the alloys within a given experiment. If micro-
structural changes occurred as a result of changing the impurity concentrations, the effect
was expected to be included within the corrosion rcsponscs and would require additional
experimentation to deconvolute. If abrupt changes occurred, the response analysis would
have indicated a *‘lack-of-fit.” An identical argument applies to the role of surface finish
(prior to corrosion), and, for this reason, surface finish has been held constant for all spec-
imens. Reference 7 touches upon this subject in terms of the effect of cold-work, shot-
peening, grinding, and electropolishing.
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For the second DOE (imrcro-pressure tubes), it was decided to expand the number of
alloying elements to include not only C and Fe, but also Si and Cr. It would have been
desirable to expand the hist to more than these four elements; however, the number of tests
dramatically increases, as does the expense. This DOE required 20 alloy batches and §
repheates for a total of 25 us compared to a total of 16 for the simpler Fe/C DOE Figure
I graphically displays the compostion of the required alloys. Once the experimeatal param.
eters and their hmits are defined, the required alloy compositions are extracted from standard
textbook designs for a given experimental model (in this instance, quadratic). In fact, the
number of alloys 15 shghtly larger than the standard factorial designs so as to enhance the
power to detect LOF results.

All corrosion tests were performed 1n reactor-grade D,0 (>99% purity) The deutenum
concentration, measured by hot vacuum extraction mass spectroscopy (accuracy of 5%), was
therefore a true measure of hydrogen absorbed duning corroston. Autoclaves were purged
prior (o use by bubbling high-purity argon through the D,O for 45 mun and then pulling 2
vacuum on the system until the temperature reached 40°C. The pD of 10.5 was measured at
room temperature. Except for temperature, the autoclave tests associated with the in-reactor
exposures (325°C) were performed in CANDU conditions (flux, deuterium over-pressure,
and Lithium-ion concentration).

Results

Table 1 is a summary of the data penerated from corrosion of the non-consumable arc-
melted ternaries. Since these experiments were considered to be scoping in nature, only
terminal (end of test) results are reported. In the Days of Exposure column are, on some
occasions, listed two values separated by a **/”. The first number refers 1o the first instance
i which oxide spalling was observed and the second to the number of days the test was

Cr = 1(X) . .
* Design of Experiment (DOE)
L J
[ ]
G
® “d,
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: ° "0
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@ Experimental Fe and C o ! ? :
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extended for purposes of determining deuterium pickup. In the Oxygen column, the weight
gain refers to the first of the two exposure values, since spalling makes the accumulation of
additional oxidation data meaningless. A lower case *(s)” indicates that spalling had been
noted for some specimens with less exposure, and, hence, the weight gain due to oxidation
is questionable but not necessarily i error. A capitalized “S” indicates that spalling has
occurred. The “Control, mg/dm?” values (control being stock material that was processed
in the identical manner as the ternary alloys but without an alloying addition) are for deu-
terium pickup and have been used to calculate the **Performance Factor™ (ratio of the deu-
terium picked up in the specimen divided by the *“Control™ pickup). A performance factor
of less than 1 indicates a reduction of deuterium pickup relative to the controls. Since most
of the performance factors are greater than 1, it can be concluded that the addition of alloying
elements to Zr-2.5Nb generally reduces the alloy’s resistance to deuterium ingress

The data describing corrosion of Zr-2 SNb/C drop castings were reported in Ref 9 The
results show that for the drop castings, which contained a constant impurity spectrum, deu-
terium pickup resistance decreased almost lincarly with increasing C concentration. Oxida-
tion was almost independent of C. When similar data were plotied tor pressure tubes selected
at random, the deuterium pickup resistance was almost constant from 50 to 90 ppm C; then,
after & small ncrease in resistance at about 110 ppm C, it steeply decreased with increasing
concentration. Because the pressure tubes were chosen at random (available data) thcir im-
purity spectra were different, most notably the Fe concentration. These data suggest that
either the pressure tube microstructure was important or that there were synergistic inter-
actions between C and Fe (or both). i

The results from the RSA of Fe and C in Zr-2 SNb drop castings can be seen in Fig. 2.
These specimens were exposed in a test reactor that operated at 325°C using D,0 with a
room temperature pD, of 102 to 10.3. The test loop also contained an autoclave (out-of-
Hux) tor comparative studies; detailed intormation can be tound in Ret /0. Information trom
longer exposures (450 days) has yet to be analyred.

As mentioned, an RSA was performed for four elements, Fe, C, Si, and Cr, using micro-
pressurc tubes to cnsure that the cffect of the pressurc tube microstructure was not being
overlooked. These tests were performed in stand-alone autoclaves operating at 300°C rather
than at 325°C as in the reactor loop. Although data are available for longer exposures, Fig.
3 is typical and shows the result from 150 days of exposure. The oxygen response surface
has changed significantly for low Fe and C concentrations. Also, the deuterium response
surface appears to display a“reverse direction of curvature for high C and intermediate Fe.
Whether the reverse curvature is due to the small Si influence, the lower temperature of
300°C, the change in the oxidation behavior, a curve-fitting artifact, or the pressure tube
microstructure is unknown.

Table 2 indicates the statistically sigmficant terms in the quadratic equation used to de-
scribe the shape of the response surfaces. Data are shown for both the two-parameter RSA
drop castings and the four-parameter version for micro-pressure tubes. The asterisks are an
indication of the statistical significance of the *“‘quadratic term™ shown on the left of the
tahle Three astesisks sire more significant than two, which is more significant than ane The
absence of an asterisk indicates that the corresponding term tn the quadratic equation has
little influence 1n determiming the shape of the response surface.

Discussion

Because of errors in chemical characterization, inhomogeneous elemental distributions and
variable microstructures, Tuble § shiould be used with caution At besy, it should be used as
an indicator of how some impurity elements might affect oxidation and deuterium pickup in
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Oxidation in mg/dm?

Deuterium in mg/dm?

FIG. 3—Response surfaces showing quadratic effects of Fe and C (Cr und Si concentrations fixed)
on carrasion for 150 days at 300°C in D,0 (ph) = 10 5) Because Cr has very hitle effect and St har
no effect (see Tuble 2), response surfaces such as seen here are almost identical for all values of Cr
and St concentrations.

TABLE 2—The tmportant quadratic equation parameters used in determining the shape of the
various response surfaces seen in Figs. 2 and 3. Note that the corrovion of the micro-presire tubes
was at IX°C and the drop-castings were cormded at 325°C.

out-of-flux in-flux Fe/C/S1/Cr micro-tubes
Oxygen Deuterium | Oxygen | Deuterium Oxygen Deuterium
Quadratic

Term [208d|450d'' |208d{450d| 208 d 208 d 150d 250d|150d 250d'"
FC *¥R *Ex 8#‘-: | w=*% *%$ 2 33 *kE *¥$
C *k *¥k k¥ *¥ k¥ k¥ *dk *E¥ L L]
Fc - C k¥ *E¥ *kh *% %% * % *
FC’ * **y *Ek xR =% * % £3 24
Cz ¥ *¥ *
S *
Cr * *
Fe+ St *
Fe - Cr «
C-S
C-Cr
Si-C
S
Cr?

*** quadratic term with most signsficance

** quadratic term with sccondary signihcance

* quadratic term with least significance

no *'s quadratic term has no significance.

' indicates LOF (Lack-OF-Fit), requires further analysis.



306 ZIRCONIUM IN THE NUCLEAR INDUSTRY THIRTEENTH SYMPOSIUM

Zr-2.5Nb. However, even with this limitation there are strong suggestions in the data that
the effect of an element 1s non-linear with concentration For instance, see the data for W,
Cr, and Sn. Some elements, such as Al, Ti, Ni, Cu and the noble metals, are so deleterious
trom the point of view of deuterium pickup that they should always be kept at the lowest
concentration that 1s economically feasible. Other elements are useful in limiting oxidation
but not deuterium pickup and vice versa. Sn is an example in that 1t reduces oxidation but
increases pickup. Examination of Table | “Performance Factors'™ also suggests that the
elTectiveness of an element can progressively increase with increasing exposure; for instance,
see V and Sn

Zr-2.5Nb-C drop castings were provided by Wah Chang (Albany, Oregon) to determine
whether C had an impact on oxidation and deuterium ingress. As reported in Ref 9, C in
the concentration range from 30 to 300 ppm (wt) had a weak influence on the oxidation rate
(specimens contained about {85 ppm (wt) of Fe) but a strong influence on deutenum pickup.
This would suggest that the mechanisms of oxidation and deuterium pickup are different.
When the same data were plotted, but for random pressure tubes (all with different amounts
of Fe and other elements) the results were slightly different Although deuterium pickup once
again showed a dependence on the C concentration, that dependence was weak until about
110 ppm C, then steeply increased with increasing concentration Oxidation data also dis-
played a weak dependence but with a slight inflection around 130 ppm C. These two sets
ot data suggested that:

® deuterium pickup in Zr-2 SNb is strongly dependent on C concentration

& oxidation is weakly dependent on C concentration

® Jalloy microstructure is important |9], especially in terms of deuterium pickup
® there may be a synergistic interaction between C and Fe,

For out-of-flux exposures at 325°C, the Zr-2.5Nb-Fe/C drop casting response surfaces
shown in Fig 2 indicate that oxidation is weukly influenced by the C concentration (con-
sistent with the observation above). The situation changes in-flux where the C concentration
plays an important role, especially at low Fe concentrations and to a lesser cffect at high
Fe. For small amounts of C, there is a distinct minimum in the oxidution rate it about 1100
ppm Fe. For the in-flux results, the toct of mimmum pickup follow a sloping hine with
respect to the C and Fe, so that at about 200 ppm C the munimum occurs for about 2000
ppm Fe Table 2 shows why there 14 a difference between out and in-reactor behavior. For
out-reactor, the dominant parameter is the Fe concentration, while, for in-reactor, there is an
interaction between the C and Fe (i e, the Fe-C quadratic term)

Figure 2 shows that, unlike oxidation, deuterium pickup 15 strongly dependent on C but
only for low Fe concentrations. The reason tor this behavior can be seen in Table 2; in the
nig, there is no longer any dependence on the hinear Fe concentration The optimum con-
centration values tor minimum deuterium pickup are 1510 ppm Fe/minimum C for out-
reactor corrosion; in-reactor, the optimum becomes {100 ppm Fe/minimum C. The effect
of radiation 15 to decrease pickup by almost a factor of three; however, because of the steep
curvature of the response surface, in-reactor values are more sensitive to small vartations in
the Fe concentration, especially tor values higher than the optimum. Interestingly, the oxi-
daton values are sumlar in- and out-reactor, which again emphasizes the observation, made
from Table 1, that the mechanisms of oxidation and deuterium pickup are different.

The RSA generated for the micro-pressure tubes shows 4 somewhat ditterent behavior for
oxidation but a similar behavior tor deutertum pickup. Reterence to Table 2 indicates that
the dilferent oxidation behavior is likely due to the second order dependence on the C
concentration. It seems clear from Table 2 that the alloy microstructure has an tmportant
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role in oxidation and to an unknown extent in determining the amount of deuterium ngress.
In terms of oxidation, the optimum for maximum resistance for the micro-pressure tubes is
about 2400 ppm Fe and 200 ppm C. Si appears to have a small effect and Cr no effect on
denterium pickup. Oxidation is not affected by Si but has a small Cr eftect after 250 days
of exposure at 300°C. Corrosion exposurcs and data analyses are continuing with special
attention being paid to the LOF associated with one of the data sets.

When the above RSAs were performed, three independent Zr-2 SNb/Fe micro-pressure
tubes that had Fe and C concentrations within the RSA test ranges were already on test at
300°C (pD = 10 5, out-reactor), and, therefore, data from the tubes were ideal for checking
the accuracy of the RSA predications. The three tubes were made from stock matenal that
contained approximately 45 ppm C and to which was added ‘50, 1000, and 2000 ppm Fe
Though it was not possible to make a precise comparison between the RSA predictions with
the Fe-micro-tubes (because of the different corrosion conditions and experimental matrix),
the closest comparison possible revealed good agreement. Pickup predictions for the Fe-
micro-lubes using data generated from analysis of the Fe/C drop castings (which were
corroded at 325°C and not 300°C) were that the micro-tube with 1000 ppm Fe should pick
up less than half (40%) of the deuterium seen in the micro-tube with 50 ppm Fe. The same
prediction, but using data generated by the four-element Fe/C/Si/Cr RSA (specimens cor-
roded at 300°C), projected a relative pickup of 50% (the 1000 ppm Fe tube should absorb
50% of the amount of deutcrium absorbed by the 50 ppm Fe micro-tube) The application
of the existing RSA data to predict the Fe micro-tube behavior is shghtly questionable
because of the lack of comparable exposure times. However, the 1000 and 50 ppm Fe-micro-
tubes did show a difterence of 45% in the absorbed deuterium after 1100 days and 58%
after 250 days. The tour-element RSA predicted a deuterium pickup of 0073 mg/dm?® atter
250 days, and the actual pickup tor the same number of days in the autoclaves was 0075
mg/dm2 The agreement between prediction (based on the derived quadratic equations) and
actual js within 5%.

RSA data are valid only within the boundary conditions of the experiment. It is possible
to extrapolate outside those boundarics (such as concentration ranges or exposure hmes) but
at considerable risk To dpply the RSA data to operating lifetimes of pressure tubes is there-
fore not recommended unti) considerably more exposure is achieved. Such experiments arc
now in progress.

As indicated in Table 2, therc ts a LOF for anc of lhn, data sets. To undenstand the possible
ongins of the LOF, the seasitivity of deuterium pickup to changes in the control parameters
were determined rom the partial differentials of the quadratic equations (208-day data), sce
Fig. 4. Both the C and Fe partial derivatives have been superimposed on the same axes in
Fig. 4a; the line AB defines the C and Fe concentrations that produce the same change in
the pickup resistance tor small changes of cither the Fe or C concentrations. Because the
planc produced by the partial differential with respect to C is higher than that of Fe (for low
Fe concentrations), C dominates the determination of the resistance to deuterium uptake
Hawever, below the line AB (at high Fe and low C concentrations) the most effective means
of influencing deutcrium ingiess is to change the Fe concentration Figures 45 and 4¢ show
how the planes produced by the partial differentials inlerseet the zero change plane (no
change in the deuterium ingress rate) The intersection of the partial denvatives with the sero
plane is a reflection of the Tuct that the response surfaces are curved and contdin slope
reversals; adding Fe or C can result in cither an increase or decrease 1n pickup. A possible
conclusion drawn from these obscivations is that the variability, which 1s often seen in many
carrosion tests, may be linked (o an mhomogencous distribution of 4 dominant impurity (or
alloying element) such as C that v in a synergistic relationship with another impunty, in
this case Fe For an accurate RSA, the chemical composition of each corrosion specnmen
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FIG 4—C and Fe partial differential surfuces taken from the quadratie equations describing deute-
rium pickup, ploned for the 208 day exposure of Zr-2 SNb-FesC drop castings corroded at 325°C, in-
flux. (@) shows an upper and lower region where deuterium pickup can be mos effectvely modified by
additions (or removul) of C or Fe respecuvely In (a), the Fe und C partials have been plotted on the
same axis, (b) and (¢} show the lines produced by the partiat differentials as they cross the zero change
plane. Information via personal communication with G. A. McRae, Chatk River, ON, Februury 2001.

must be precisely determined and not left to the ingot analysis. Accurate C concentrations
are notoriously diflicult 0 obtain, however, as long as the same technique 15 used for all
specimens, performed by the same operator, and on the same day the data should be inter-
nally consistent provided that any errors in the analysis technique are constant across the
analyzed range. For example, an inherent variation of *+5% in the analysis for low C and
*50% tor high C (or vice versa) would be unacceptable.
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Conclusions

Corrosion scoping tests of laboratory produced Zr-2.5Nb ternary alloys using low con-
centrations of over 20 elements have suggested that the impact of an element may not be
linear with concentration and that the effectiveness of the element may change with increas-
ing exposure. Some elements have an accelerating effect on corrosion such as Al, Ti, Ni,
Cu, and the noble elements. These should be minimized to ensure reduced oxidation and
hydrogen pickup. Some clements, such as tin, tended to reduce oxidation but accelerate
deuterium pickup.

Testing of Zr-2.SNb/C drop castings revealed that C had little effect on oxidation but a
dominant influence on hydrogen pickup. It was clear from thcxc - studies that the mechanisms
of oxidation and hydrogen ingress were different. There ‘were suggestions in the data of
synergistic interactions between C and Fe.

An RSA was used to investigate oxidation and deuterium pickup in Zr-2 SNb drop castings
as a function of Fe and C additions, both in- and out-of-tflux Both the oxidation and deu-
terium pickup respunses followed a guadratic dependence un thie Fe and C concentrations.
Out-of-flux oxidation of Zr-2 SNb was found to be weakly influenced by the C concentration,
but in-flux there was a strong dependence on C, primarily because of a synergistic interaction
with Fe Denterinm pickup was strongly dependent on C at low concentrations of Fe but
fess dependent on C at high values ot Fe. The primary efiect of radiation was lo decrease
the magnitude of the hydrogen pickup by almost a factor of three while the oxidation rate
remained similar in- or out-of-Aux. Again, the RSA clearly demonstrated that the mecha-
nisms of oxidation and hydrogen pickup are differcnt.

A second RSA was performed on Zr-2 5Nb micro-pressure tubes but expanding the num-
ber ot afloying clements to four; Fe, C, Cr, and Si. Effects similar to those seen for the
previously discussed Fe/C drop castings were ubserved. However, the tube microstructure
appears to be important, particularly for oxidation Cr had a small etiect on oxidation and
litte or nonc on deuterium pickup. Si had no effect on oxidatior and & small effect on
hydrogen pickup.

Partial difTerentiation of the quadratic equations describing oxidation and hydrogen pickup
was used to reveal the sensitivity of either of these phenomena to C and Fe C was by far
the most influential impurity in terms of hydroucn pickup First derivative surfaces generated
from the equations describing the corrosmn fenponse can be used to clarify many cases of
what has been otherwise unknown -reasons for specimen variability in corrosion tests. As
well, regions of concentration can be defined that describe the most effective clement to be
used 1o modify the corrosion response

Corrosion of Zr-2 SNb can be adequately described by a quadratic dependence on the
concentration levels of dominant impunties (such as C and Fe). The corrosion response to
a specific impurity clement can be confounded by syncrgistic interactions that suggest that
a simple comparison of corrosion data between materials with uncontrolled impurity spectra
will likely [ail to reveal significant trends. For instance, C can increase or decrease corrosion
depending on the Fe concentration.
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DISCUSSION

A Strasser® (written discussion)—Please provide your opinion on the cause of the syn-
ergism between Fe and C and the reasons for the minima in oxidation and deuterium pickup
at certain Fe-C compuosition combinations.

R. A. Ploc (author's response)—The simple answer to this question is that we don’t know,
although we would speculate along the followtng lines.

Fe and C are predominately in the B-phase, and in greater concentrations at the o/
boundaries. During corrosion, the oxide film develops chaanel porosity?® along some of the
corroded a/PB boundaries (from the free surface down to_the oxide/metal interface) and,
hence, the corrosion media can enter into the oxide film where it is in an environment rich
in Fe, C, and Nb. C has a dominant, negative effect on pickup resistance, but Fe interacts
with the C, thercby ameliorating its deleterious effect (hence, the negative FeC quadratic
term in the Response Surface Analysis). At low Fe concentrations, pickup is almost totally
dependent on the C concentration, since there is insufficient Fe to moderate its effect. At
the other extreme, at high Fe concentrations, the FeC reaction is saturated and the excessive
Fe determines the pickup resistance. This scenario leads to a steep dependence of pickup on
C at low Fe concentrations, and o weak dependence at high concentrationa,

Pickup for zero, or low C reveals the effect of Fe. Along the channel porosity, where Fe
is concentrated, proton recombination is promoted, thereby forming molecular deuterium
that selectively partitions to the water and. thereby, reducing the amount of deuterium ab-
sorbed by the alloy. As the Fe concentration increases, a second order effect begins to
dominate. Fe is a B-stabilizer and causes a-grain refinement. An increase in the continuity
of the B-phase along with grain rehnement results in an increase in the amount of channel
porosity. Therefore, on the high Fe side of the minimum, deuterium pickup begins to in-
crease. The minimum, therefore, results from at least two competing mechanisms. The line
describing the loci of minima is linear with increasing C, a result of the dominating effect
of the C and the ameliorating role of the Fe (interaction of the C and Fe). The minima move
1o the high Fe side with increasing C, because increasing the Fe results in additional carbon
being tied up and, hence, a decrease in absorption

P. Barberiv* (written discuﬁif(m)—-—YOu used Surface Response Analysis to model the
global response to Fe and C. However, the range studied covers severat domains of the phase
diagram, und from a mechanistic point of view, 1 would not use RSA but rather variables
linked to the phase diagram Did you investigate the microstructure of the alloys, and par-
ticularly the presence of carbides and of Zr (Nb,Fe), s a function of both C and Fe contents?

R. A. Ploc (author's response}—While it is true that the RSA assumes a continuous
response, any significant perturbations from continuity would show up n the statistical mea-
sure of fit. In fact, the analysis would not produce a RS if there were a lack of fit, and the
residuals would suggest that one had overlooked at least one important parameter (for in-
stance, fabrication history) For the alloys and the fabrication history we used, the quadratic

' Aquanus Scrvices Corp., U S AL
2Robert A Ploc, “Mechanism of Deuterium Pickup 1n Zr-2 5Nb Alloy,” Materwals at High Temper-
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U.K., September 1999, Science Reviews, 17 number 1/2 (2000) pp 29-34
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Proceedings, 14" International Corrosion Congress, September 2000, Cape Town, SA, paper #190
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fit was good. However, 1f the same alloys were given a different heat-treatment, it 1s possible
that a different result might be obtained The fabrication route tor each alloy was constant
but conceivably could be treated as a variable in a future analysts  Your desire to investigate
the tormation of precipitates as a function of C and Fe could then be met, however, there
would be the practical problem of obtaining reproductble metallography and counting sut-
ficient numbers of precipitates to provide meamingful statistics. Which technique(s) to use
to reveal preciputate of ditferent sizes would be an important and controverstal decision

In the Zr-2.5Nb system we know that precipitates can be found, but what is present in
the alloy depends on the fubrication and processing history. In our case, we have yet to
examine the specimens metallographically, but we know that most of the Fe and C are located
in the B-phase. When the important quadratic terms 1n the equation of fit are examined, there
s 4 suggestion that the Fe and C do interact (see response to question by Strasser and the
ameliorating effect of Fe) and might be torming precipitates or some other complex

A. Gurde® (wraten discussion)—Since in-reactor preaipitation of 3-Nb is one of the con-
tnbuting factors for the improved corrosion resistance of Zr-2 5%Nb in CANDU reactors,
could you comment on the impact of optimum combination of Fe, C concentrations on the
B-Nb precipitation”

R. A. Ploc (author’s response}~—When you refer 10 corrosion resistance, you mean the
rate of oxide film formation and not the deuterium ingress rate, which is the primary focus
of this pubhication The small precipitates which form in the a-Zr matrix, dunng the first
two years of jrradiation, are known to be 3-Nb and responsible for a reduction in the oxi-
dation rate (relative to other Zr alloys such as the Zircaloys). However, ingress and oxidation
rates are often different, implying ditferent mechanisms tor each process, Table 2 also sug-
gests a difference, ie, the quadratic terms descnbing oxidation and ingress are dilferent

At this point, I doubt we have sufficient data t answer your question, however, the shape
of the RSA curves may provide a clue. For instance, the out-of-flux oxidation rate 1s inde-
pendent of the C concentration (see also Table 2) while in-flux, and at low Fe concentrations,
the response surface shows a steep dependence on C. This suggests that wrradiation-induced
vacancies are important in the precipitation of 8-Nb, i.e, apparently Fe ties up the vacancies
reducing the likelthood ot precipitation. As the Fe concentration tncreases (reducing the
vacancy poputation), the oxidation rate begins 1o chimb toward its out-of-Nux value One can
conclude that C may also be performing a similur function, removing vacancies. As indicated
in the response to one of the other questions, the out-of-Aux Fe dependency may be related
to grain refinement

* Westinghouse Electric Company




Glen M. McDougall' and Vincent F. Urbanic'

The Influence of Material Variables on
Corrosion and Deuterium Uptake of
Zr-2.5Nb Alloy During lrradiation

] .

. .
REFERENCE: McDougall, G. M, and Urbanic, ¥V F., *The Influence of Material Variables
on Corrosion and Deuterium Uptake of Zr-2.SNb Alley During Irradiation,” Zirconium
in the Nuclear Industry: Thirteenth International Symposium, ASTM STP 1423, G D. Moan
and P. Rudling, Eds, ASTM International, West Conshohocken, PA, 2002, pp 247-273

ABSTRACT: Current CANDU? reactors use Zr-2 SNb pressuce tubes that are extruded at 1088
K, cold-drawn 27%, and autoclaved at 673 K for 24 b This results in a metastable, two-phasc
microstructure consinting of elongated a-Zr grains surrounded by a network of 8-Zr filaments
To develop a mathematical mode! of corrosion and deuterium ingress in pressure tubes, we
have constdered the impact of varables includimg  fast neutron flux, temperature, and the as-
fabricated microstructure and its evolution during irradiaion

Small specimens of Zr-2.5Nb are being expased under CANDU water chemistry conditions
in the Halden Boiling Water Reactor ¥ The experiments involve fast ncutron fluxcs (L = 1 05
McV) of 0, 1.7, and 4.5 X 10" n-m"2-s ', and temperatures of 523 and 598 K Specimens
have been prepared from pressure tube materials representative of all current CANDU reactors,
materials subject to thermal decomposition of the B-Zr phase, and tubes extruded over a range
of conditions

Results from the first three years of the Halden test program are summarized. At both 523
and 598 K, tubes made of B-quenched material exhibit fower oxidation rates than those made
from non-B-quenched materials. In short-term out-of-flux expasures at 523 K, three non-B-
quenched tubes. appear to show linear oxidation kinetics Simifar behavior is not observed in
tests conducted out-of-flux at 598 K, or in-flux at either temperature. At 598 K, B-quenched
tubes exhibit significantly lower deuterium pickup rates than non-B-quenched tubes When
tested at 598 K, thermally aged specimens show declining oxidation and deuterium pickup  +
ratcs with increasing B-Zr phase decomposition. At 523 K, the impact of thermal aging was
less significant. Preliminary results from an “extrusion variable test™ suggest that tubes fab-
nicated according to the current CANDU specification show the best corrosion resistance

KEYWORDS: corrosion, deutenium pickup, wradiation, temperature, Zr-2 SNb, microstruc-
ture, B quenching, extrusion billet, sodk time

In CANDU reactors, hthiated heavy water (D,0) coolant reacts with the inside surfaces
of Zr-2.5Nb pressure tubes to form a zirconium oxide (Zr0O,) film and deuterium. A fraction
of the deuterium generated by the corrosion reaction finds its way into the pressure tube
Amang the key variables influencing the carracion and denterium uptake of pressure tubes
are fast neutron flux, temperature, and alloy microstructure [/,2). Two aspects of tube mi-

! Scientist and branch manager, respectively, AECL—Chalk River Laborataries, Chalk River, Ontario

KOJ 1J4, Canada
? CANDU = CANada Deutcrium Uranium Registered trademark of Atomic Energy of Canada, Ltd

*Institutt for energiteknikk—OECD Halden Reactor Project, Halden, Norway
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crostructure are important the as-fabricated microstructure and texture, and the evolution of
microstructure under irradiation.

The tabrication route for modern CANDU pressure tubes has been detailed in an earlier
paper [3] After forging and machiming, logs (or sometimes hollow billets) are “B quenched,”
1 e. heated into the B-phase region {1290 K), then quenched in water This serves to ho-
mogenize the billet and refine the a-Zr grain structure. Prior to extrusion, the billet is pre-
heated (or “*soaked™) at 1088 X, in the (a+B)-phase region. The tubes are then hot extruded
at 1088 K and cold-drawn about 27% to achieve the final tube dimensions At this point,
the alloy has & two-phase microstructure (Fig. 1), consisting of elongated a-Zr grains sur-
rounded by a network of metastable 8-Zr. The a-phase grains are platelets with an aspect
ratio ot about 1:10 40 sn the radial, transverse, and longitudinal directions, respectively They
contan approximately 0 6 to I wt% NU m solution. The non-equilibrium B-phase separaung
the a-grasns contains approximately 20 wt% Nb. As a final fabrication step, the pressure
tubes are autoclaved for 24 h in 673 K light water steam. This promotes a4 paruial decom-
position of the B-phase, precipitating tiny particles of Nb-depleted w-Zr in a matrix of Nb
enriched B-Zr (up 1o about 50 wi%).

Dunng irradiation, three microstructural changes occur in CANDU pressure tubes that
have an impact on cotrosion and deuterium uptake: increased dislocation density in the «-
Zr giains due to dislocation loop formation; a reduction in Nb in the supersaturated a-phase

S
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FIG 1—lypical grain structure of Z1-2 5Nb pressure tube looking down the axis of the tube 1he
light-colored w-Zr phase platclens are interspersed wih dark-colored B-phuse flaments. From Ref 2
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due to irradiation-induced precipitation of B-Nb; and thermally induced decomposition of
the B8-Zr phase [2]. As the latter phenomenon proceeds, the volume fraction of 8-phase
decreases, with a correspanding increase in Nb concentration. Examination of removed pres-
sure tube matenals has demonstrated that the extent of B-phase decomposition is a function
both ot neutron flux and temperature. Given the flux/temperature profile for a CANDU fuel
channel, B-phase decomposition is thought 1o have only a small impact on the corroston and
deuterium uptake of pressure tubes relative to a-phase effects. However, additional data are
required from well-characterized materials irradiated under carefully controlled conditions

The a/B-phase microstructure and texturc of a-Zr grains in pressure tubes is largely de-
termined by the hot extrusion process [4,5] To minimize material variability and optimize
the mechanical properties of Zr-2.5Nb pressure tubes, previous tests 13,6] have examined
modifications to the billet pre-heating practice (15 min at 1088 K) currently used to produce
CANDU pressure tubes. Varying the soak temperature over the range 1053 to 1123 K resulted
in substantial differences in the tensile strength, ductility, and fracture toughness of finished
tubes |31 This was attributed to changes in the size and distribution of «-grains, and the
degree of oxygen segregation into primary a-grains. Figures 2a and 2b are SEM micrographs
of tubes extruded after extremes of pre-heat temperature and time, the figures depict a lon-
gitudinal-radial section through the respective tubes. Figure 2a (1053 K, 15 min) shows
uniform structurc of finc, clongated a-grains (dark phase) with thin filaments of 8-Zr at grain
boundaries; in contrast, Fig 2b (1123 K, 300 min) shows coarse, clongated primary a-grains
{dark phase) separated by a Widmanstatten a-plate structure. On the basis of these ftests, a
reduction mn extrusion temperature to 1053 K was advocated. However, the impact of changes
in extrusion variables on subsequent cormosion and deuterium uptake must be considered.

To advance the development of a predictive model for corrosion and deuterium uptake in
pressure tubes (both current and prototype designs), the impact ol [lux, temperature, and
alloy microstructure must be evaluated. In an carlier paper [ /], we summarized the neutron
flux and temperature dependence of corrosion and uptake for pressure tube materials after
185 days exposure in a heavy water loop of the Halden Boiling Water Reactor. The current
paper exiends these results (o a cumulative exposure of 553 days. As well, preliminary results
are presented concerning the influence of B-Zr decomposition and extrusion-billct p:rc-he.xting
on corrosion and deuterium uptake. ' ' '
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FIG 2a—~Pressure tube microstructure av-extruded following a 15-min soak at 1053 K From Ref 3.
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FIG 2b—Pressure tube mucrostructure as-extruded following a 300-min soak ar 1123 K From
Ref 3.

Experimental Procedure

Specimens were prepared to evaluate the dependence of corrosion and deuterium ingress
on key vartables-

® tast neutron flux and temperature,

® {3 quenching versus non-B quenching;

® thermal decomposition of the B-Zr phase; and,
® billet pre-heat time and temperature

All tests were performed with small specimens (30 by 10 by 1| mm) of Zr-2 SNb pressure
tube material. Table | summurizes the fabrication data for the tubes and Table 2 the ingot
composition specifications.

Speumens for the Hux-temperature test were prepared from tubes representative of all
operating CANDU reactors. Some specimens were tested tn the pickled condition; the bal-
ance was pre-oxidized for 24 h in 673 K light water steam. The matenal condition was that
produced by the pressure tube fabrication process Specimens for the thermal decomposition
test were prepared as part of an earlier test program [2]. To bracket the extent of B-phase
decomposition 1n as-fabricated CANDU pressure tubes (B-phase partially transformed during
autoclaving), specimens were prepared from tube H026M, which had not been autoclaved
[n this way, as-machined specimens could be used as controls. The remaining specimens
were heated for 100 h at 673 to 723 K to induce varying levels of B-phase decomposition
Table 3 summarizes the thermal-aging treatments. Representative samples were analyzed by
X-ray diffraction [7] to determine the Nb concentration in the B-phase. This result can be
used as a measure of the degree of B-phase decomposition, the final (equilibrium) state 1s 2
matrix of a-Zr containing B-Nb precipitates (approximately 90 wt% Nb) All specimens were
pickled prior to testing. For the extrusion variable test, specimens were machined from half-
length pressure tubes extruded using a vanety of billet pre-heat treatments {3} Tuble 4
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TABLE | —Summary of fubrication data for Zr-2 SNb pressure tubes.

Ingot Fabrication

Beta
Test Program Tube Number Alloy Heat No Quenched

Flux-temperature 669 Zr-2 5Nb 377461 no
Flux-temperature B1913 Zr2 5Nb 390492R no
Flux-temperature B439 Zr-2.5Nb 396331 no
Flux-temperature Wo061 Zr-2.5Nb 230871Q yes
Flux-lemperature RX095 Zr-2 5Nb 233626Q yes
Flux-temperature Y321 Zr-2 5Nb » . 228391Q yes
B-Zr decomposition HO26M Zr-2 5Nb 210204Q yes
Extrusion variable RX080 Zr-2 5Nb 233074Q yes
Extrusion variable RX082 Zr-25Nb 2330740 yes
Extrusion vanable RX083 Zr-2 5Nb 233074Q yes
Extrusion variable RX085 Zr-2.5Nb 233074Q yes
Extrusion variable RX086 Zr-2 5Nb 233074Q yes
Extruston variable RX088 Zr-2 5Nb 2330740 yes

summarizes the pre-heating temperatures (essentially the starting extrusion temperature®) and
soak times employed To ensure that the starting billet material for each tube had the same
metallurgical history (including B quenching), all billets were taken from a single forged log
Tollowing hot extrusion, the cold working and autoclaving of the tubes procceded according
to the standard fabrication practice.

All tests were performed in Loap 9 of the Halden reactor The loop consists of parallel
zircaninm alloy in-flux Assemblies (IFAS) connected to a stainless steel out-of-core loop
system. The tests reported here were performed in two IFAs: one operated at a low neutron
flux (peak = 1.7 X 107" n-m™2 5", £ = | 05 MeV), the other at a higher flux (peak =
45 % 107" n-m 257" E = 105 MeV). Instde each IFA, a cluster of fuel rods is arranged
around a pair of vertical test channels operated at 523 and 598 K, respectively The flow
rate along each test channel results in an in-pile coolant residence time comparable to a
CANDU fuel channel. To eliminate boiling along the high-temperature channels, coolant
pressure is maintained at 15.5 MPa. In addition to the in-flux assemblies, loop coolant is
also supplied to two out-of-flux autoclaves operated at 523 and 598 K

In both the in- and out-of-flux test channels, specimens are arranged in groups on a holder
extending the length of the channel Each group consists of a stack of <pecimens separated
by thin spacers; the stack is secured by a spring clip. All components in contact with the
specimens (the holder, spacers, and spring clips) are of Zircaloy-4; the holder design carefully
avoids creating narrow crevices with any specimens. In both the high- and low-flux IFAs,
specimens are divided into two sets according to the relative flux to which they are exposed.
“Constant flux™ specimens expericnee a fast ncutron flux from 85 to 100% of the peak value
for that IFA; in contrast, “flux gradient™ specimens experience values ranging from 10 to
50% of the peak flux. All data reported in this paper are from “cunstant flux” specimens

4 At the end of the soak perod, billets are transterred from the turnace to the extrusion prees in less
than a minute. As a result, a neghgible temperature drop 1s expected before extrusion begins



TABLE 2—Chemical ana'yses for 22-2 5Nb ingots® used to piepare pressuie tubes,

Pressure Tube No 669 B1913 B439 woé1 RX085 Y321 HO26M RX080-
RX088
TWCA Heat No 377461 390482R 396331 230871Q 233626Q 228391Q 210204Q 233074Q

Alioying
Element weight %

Nb 27 27 26 26 26 2.6 25 26

o] 012 012 0.11 01 011 0.11 011 012

2r balance balance balance balance balance balanca balence balance

B TR A B A P s S R R L R A S S R S e

Impunty
Element mgl kg

Al 45 65 55 43 3 38 49 39

B8 02 <025 <025 <02 <02 <02 <025 <025

c 179 120 118 78 101 113 143 114

cd <03 <025 <025 <02 <02 <02 <025 <025

Cl <15 <5

Co <5 <10 <10 <10 <1 <10 <10 <10

Cr 133 82 <80 < 100 < 10 < 100 < 80 < 100

Cu 28 <25 <25 <25 <25 <25 <25 <25

Fe 1142 705 622 415 330 475 660 500

H 5 6 15 <5 <3 <5 <5 <5

Hf 69 <50 <40 37 39 43 <40 38

Mg <10 <10 <20 <10 <10 <10 <10

Mn <10 <25 <25 <25 <25 <25 <25 <25

Mo 10 <25 <25 <25 <25 <25 <25 <25

N 38 44 26 21 26 23 34 28

Nt 17 < 35 <35 <35 <35 <35 <35 <35

P S 8 6

Pb <5 < 50 <50 <25 <23 <25 <25 <25

St 72 87 62 Fi4 25 29 < 60 27

Sn 23 <25 50 <25 <25 <25 <25 <25

Ta < 200 < 200 < 200 < 100 < 100 48 < 200 <100

T < 50 <25 25 31 <25 <25 <25

U 06 08 0.7 <1 <1 <1 11 11

Vv <5 <25 <25 <25 <25 <25 <25 <25

w <25 <25 <25 <25 <& <25 <25 <25

* Concentiations are ingot averagas except for bold valuss, which ars from samples of
representatve tast spacimens  Where no value is shown, tha concentration was not reported
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TABLE 3—Z:-2 5Nb specimens prepared for thermal decompasition test

Pressure Nb Concentration in
Tube Treatment B-Zr Phase, wt% |2} Comment
HU26M Extruded + cold-worked 27 As-received matenial
(no stress rehiel)
HO26M Extruded 4 673 K/100 h 68
HO26M Extruded + 723 K/100 W 85

While the loop is designed to accommaodate a wide range of water chemistries, the Halden
tests are being performed under conditions typical of a CANDU reactor A pH of 10.2 1o
10 8% is maintained by hthium additions (ion exchange resin in the deuteroxide form) The
same water chemistry conditions are provided at the inlets to all test channels Both mlet
and outlet coolant streams from each channel are routinely analyzed, both by continuous on-
line instrumentation and by penodic grab sampling Dissolved deuterium and oxygen con-
centrations are monmtored using on-line Orbisphere gas analyzers and maintained at 5 1o 7
em® - kp Pand <5 pg - kg ', respectively

At the conclusion of each Halden recactor period (nominally 185 days), all specimens are
ultrasonically cleaned and weighed. Selected specimens are removed for destructive exami-
nation; all data presented in this paper were obtained from these specimens. To date, ex-
aminations have been completed on specimens remmoved afler the following exposure times:
553 days for the flux-temperature test; 200 days for the B-Zr decomposition test; and 195
days for the extrusion variable test

Prior 1o post-irmdiation examination, specimens were decrudded in 50% (vol/vol) hy-
drochloric acid (HCI) at 333 K tor 4 h. Oxide thickness was determined using weight gain
measurements to the nearest .01 mg (all corrosion rates reported in this paper were calcu-
lated on this basis). To verify that these values were representative of the average thickness
aver the surface of each specimen, all were examined using Fouricr transform infrared re-
flectance (FTIR) spectroscopy 18] A mean oxide thichness for each specimen was calculated
as the average of four measurements (two on each major surface). In the majority of cases,

TABLE d—8ullet pre-heat temperaure and soak tunes used
tor fubrivate Zr-2 SN ubds for Yextrasion vurable ™ test

Pre-Heat
Tube Number Temperature, K Soak Time, mun Comment
RX080 1053 15
RX082 1053 300
RX083 1088 15 CANDU specaification
RX0O8S 1088 300
RX086 1123 15
RX088 1123 300

*Hydrogen ion activities are reported as pli, gy, the apparent room temperature value, i e, the value
measured 1 a heavy water solutton vsing a pH electrode calibrated 1n light water buffers at the same
temperature
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oxide thickness results baved on FTIR were within = 10% of the values based on O weight
gains. Visual examnation of’ the remaining coupons showed no indication of nodular cor-
rosion or spalling Both hydrogen and deuterium concentrations were determined by hot
vacuum extraction mass spectrometry With respect to the deuterium results reported 1n this
paper. the measurement method 1s accurate to within 5% and has a precision (at 2a) ot
+5% The pickup rates calculated from these measurements have an uncertainty of = 5%.

Results and Discussion
Effect of B Quenching

Of the Zr-2.5Nb pressure tubes used to prepare specimens for the flux-temperature test,
three were made trom billets water-quenched from the B-phase field prior to extrusion; this
process is often referred to as ““B quenching ™ For comparison, specimens were also prepared
from three tubes of material which was B solution annealed at the same temperature, but
subscquently arr-conled rather than quenched; billets ticated m this manner arc reterred to
as “non-B-quenched ” While' earlier CANDU reactors (for example Pickering A NGS) vul-
ived tubes made of non-B-quenched material, newer units (for example, Wolsong 1) use
exclusively tubes made trom B-quenched material

Figures 3, 4, and 5 depict oxidation kinetics for prefilmed specimens exposed tor 553
days under three flux regimes Each data pornt represents a single specimen. Figure 3 sum-
martzes data for out-of-flux exposures in flow-through autoclaves. The results in Figs. 4 and
5 are for specimens exposed to fast neutron flux as follows. “low flux” = 125 — 2 06 X
107 n-m™-s7'; and “high flux” = 3.96 - 4.88 X 10 n-m 2-s ' (c.f, peak flux tn a
CANDU 6 fuel channel = 35 X 10" n-m 2-s ") At both 523 and 598 K, specimens
made from non-B-quenched matesials oxidize taster than corresponding specimens made
from B-quenched matenals. At 523 K, out-of-flux B-quenched specimens and all in-flux
coupons show a declining oxidation rate with ume, with non-B-quenched materals devel-
oping a margimally thicker oxide after 553 days. However, after 295 days. out-of-flux wpec-
imens of non-B-quenched matenal oxidize at a constant rate; extrapolation to 553 days (fine
dashed line) suggests a rate simular to that assumed by the same matenals atter 185 days
exposure at 598 K. In contrast, at 598 K the separation in oxidation rate between f and non-
B-quenched materials is most apparent under wrachation In fact, after 553 days, it 1 evident
that the difference i rates is greatest under high flux conditions.

Figures 6, 7, and 8 summarize the corresponding D pickup data for the same specimens
Each data point represents the average of two analyses of a single specimen The hgures
illustrate several mteresuing pomnts First, in almost all cases, deuterium uptake 15 slightly
higher for in-flux specimens compared to their out-ot-flux counterparts The only exception
1s specimens of non-B-quenched material tested at 598 K; out-flux and under low flux pickup
rates for these specimens are comparable. However, higher rates are observed during expo-
sures at high flux. Second, at 598 K and over the complete flux range studied, specimens
of B-quenched matertal showed sigmficantly lower D pick-up rates than non-f-quenched
specimens tested under the corresponding flux In contrast, at 523 K, pickup rates for the
two sets of specimens were mdistinguishable except under low flux conditions, where spec-
imens of B-quenched matenal showed slightly better performance. With only three excep-
tions, specimens tested at 523 K exhibited low pickup rates that declined with ime. However,
Figs 6 and 7 reveal an abrupt increase in D pickup for three specimens exposed for 553
days (data ponts indicated with arrows). The specimens are from two tubes (WO06!, made
from B-quenched matenal, and 669, of non-B-quenched material) In terms of oxidation, no
significant difference was observed between these specimens and identically prepared spec-
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imens tested under the same conditions Additional data will be required to establish whether
these tubes are in fact exhibiting a sudden change in pickup kinetics after approximately one
hot yedr at 523 K.

Effect of Thernal Decomposition of the B-Zr Phase

Figures 9 and 10 summanze oxidation rates for pickled specimens from tube HO26M as
a function of the Nb content in the B-Zr phase of the as-prepared coupons The Nb concen-
tratton can be used as a measure of the degree of B-phase decomposition; an increase occurs
as decomposition progresses [7] These preliminary data were collected after 200 days of a
multi-year test. Each point represents the oxidation rate for a single specimen, normalized
to the rate for an out-of-flux control (no B-phase decomposition) The absolute rates for as-
recerved specimens exposed out-of-flux 1s reporied in terms of oxide growth per year. Both
figures show in-flux data obtained under two flux regimes: “low flux™ = 1.43 — 1.47 X
107 n-m 2-5"; and “high flux” = 345 =352 X 10" n-m™? s ' For comparison, a
vertical bar represents the range of B phase Nb concentrations measured in off cuts from a
number of pressure tubes that were autoclaved during fabrication {7].

AL 523 K, out-of-flux specimens show a dramatic decrease in oxidation rate with increas-
ing decomposition of the B-phase. However, as-received materials (initially. 27% Nb in B-
phase) irradiated at low or high fux exhibit essentially the same oxidation rate as thermally
treated coupons exposed under the respective m-flux conditions or out-of-flux. Owing to the
short duration of the test, the fow oxidation rate of the as-received specimens cannot be
altributed o increased B-phase decompusition. Over 200 days, low- and high-flux specimens
would have experienced a fast fluence of 2.0 and 5.7 X 10* n - m 2, respectively. Mea-
surements of pressure tube materials isradiated under comparable conditions of temperature
and fluence |2] suggest that as-received specimens exposed under low and high flux would
contain about 32 and 30% Nb in the B-phase, respectively. Clearly, such & small change in
B-phase decomposition (Nb concentration increasing from 27 to 30 to 32%) cannot explain
the observation of oxidation rates comparable to specimens with initial B-phase Nb levels
of 68 and 85%. A more likely explanation would be the precipitation of B-Nb in the a-
grains of the as-received specimens, which has been associated with a reduction in oxidation
rate {2]. At 573 K, 2 to 5 nm Nb-rich precipitates are visible after a fluence of 1 X [0 n
- m % while fewer precipitates are observed a1 523 K for a comparable fluence (9], the
density in the present samples may be sufficient to confer improved corrosion resistance.
While all in-flux specimens would be expected to develop a similar density of B-Nb precip-
itates (and preaumably experience a proportionate decrease in corrosion rate), it is possible
that the behavior of the thermally treated specimens (i e., imtial B-phase Nb leveh of 68 and
85%) is dominated by the high degree of B-phase decomposition.

Al 598 K, out-of-flux specimens showed a steady decrease in oxidation rate with increas-
ing B-phase decomposition Under low and high flux condiions, while as-received specimens
exhibited an enhanced oxidation rate, the remaining specimens showed a declining rate with
increasing B-phase decomposition. Considering material with an initial g-phase Nb concen-
tration of 85%, the vut-of-flux specimen exhibited the lowest vxidation rate, with both in-
flux specimens showing a higher rate This is in contrast to the 523 K test, where oxidation
rates for specimens thermally decomposed to the <ame extent approached a single value,
irrespective of flux

Figures 11 and 12 show the corresponding D pickup data. Each point represents the
average of two analyses ol a single specimen The pickup rates are normalized as in the
previous figures; the absolute rates for as-recetved specimens exposed out-of-flux is reported
in terms of an *“‘equivalent pressure tube” value, taking into account the surtace ared-to-mass
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ratio of the specimens relative to pressure tubes At both 523 and 598 K and across the
range of B-phase decomposition studied, in-flux specimens experience higher pickup rates
than the corresponding out-of-flux specimens. Specimens irradiated at 523 K show the
greatest flux dependence of deuterium pickup. As well, the dependence of pickup rate on -
phase decomposition 1s significantly different at the two temperatures At 523 K, pickup
rates for out-of-flux and low-flux specimens decrease as the B-phase Nb concentration in-
creases, thereafter, increasing rates are observed At the same temperature, but under high
flux conditions (approximating the peak m a CANDU 6 pressure tube), pickup rates titially
increase with B-phase decomposition, then saturate at higher values. At 598 K, out-of-flux
specimens exhibit a continuous decrease in D pickup rate with increasing B-phase decom-
position Initually, the same 1s true for specimens irradiated at Jow and high flux, however,
rates tend to saturate at higher B-phase Nb concentrations. In all cases, the lack of data at
intermediate Nb concentrations makes it difficult to determine the exact dependence on Nb
concentration.

Effect of Billet Pre-heat I'me and Temperature

Fignres 13 14, and 15 summarize oxulation rates for pickled «pecimens from a senes ot
pressure tubes prepared from a single ingot. These preluninary data were collected after 195
days of a multi-year test. Each bar represents the oxidation rate for a <ingle specimen,
normalized to the rate for a specimen from tube RX083. Prior to extrusion, the corresponding
billet was soaked for t5 min at 1088 K (current CANDU practice); in all figures, the absolute
rate for RX083 specimens 15 reported in terms of oxide growth per year The legend identifies
the billet pre-heat time and temperature for each set of specimens, light-colored bars signity
results for bes prepared using a 15-min sodk time, darker bars represent results for 300-
min soak periods In each figure, the data are grouped according to the test temperature.
Figures 14 and 15 show in-flux data obtained under two flux regimes “low flux™ =
0.93 - 136 X 107 n-m™2-47!, and “hgh flux” = 308 — 36! X 10" n m 2-+ '

Additional data {from longer exposures) will be required before any definitive conclusions
can be reached However, we can offer the tollowing preliminary observations First, out-of-
flux and under low-flux conditions, changes n extrusion variables appear to have a greater
tmpact on subsequent carrasion behavior at 523 K than at 598 K At the latter temperature,
oxidauion rates for the various tube matenals do not difter significantly In contrast, when
corroston lests are conducted under high-flux conditions, sigmficant vanations 1n oxidation
rate are observed among the vanous matenials both at 523 and 598 K Second, after 195
days exposure, only two sets of pre-extrusion conditions gave rise to tubes whose corrosion
behavior surpassed tube RX083 When exposed at 523 K under high neutron flux, matenials
trom billets «oaked for 300 min at 1088 K and 300 min at 1123 K showed much lower
oxidation rates However, both materials shawed a large temperature dependence of oxida-
tion, exhibiung higher rates than RX083 when tested at 598 K. When one considers all flux-
temperature conditions relevant to CANDU (1 e, those studied in the present test), tubes
extruded according to the cumrent specification gave, m general, the best corrosion
performance

Summary

An in-reactor program has been established to evaluate the influence of key variables on
the conusion of zicontum alluys. The program 1s ongong and will conunue 10 genciate
useful data in the future On the basis of loop tests completed to date, the following obser-
vations can be made
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1. At both 523 and 598 K, prefilmed specimens from pressure tubes made of B-quenched
matenal continue to show lower oxidation rates than tubes made from non-B-quenched
matenal

2 At 598 K, prefilmed specimens from pressure tubes of B-quenched matenal exhibit
significantly lower deuterium pickup rates than therr non-B-quenched counterparts.
Tests are underway to examine a number of factors that may contribute to the differing
behavior of these two sets of pressure tubes (for example, impurity concentrations).

3 Ewvidence of linear oxidation rates (pressure tubes of non-B-quenched material, exposed
out-of-flux} and accelerated deutertum pickup rates (pressure tubes of B-quenched and
non-f-quenched matenal exposed to fast flux 1 the rangc 010 208 X 107 n-m™2-
s7') has been observed at 523 K. After 553 days, no examples of such behavior have
been observed in any 598 K tests, nor under high flux conditions at 523 or 598 K.

4 In short-term tests at 598 K, increased levels of 8-Zr decomposition lead to improved
oxidation and deuterium pickup rates, both in- and out-of-flux. At 523 K, the impact
of B-phase decomposition 1s signihcant out-of-flux, but less <o 1n-fAux.

5. Optimum corrosion performance ts obtamed from pressure tubes extruded according to
the current CANDU specification.

These results will be invaluable in developing a predictive model of corrosion and deu-
tertum angress in CANDU pressure tubes
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DISCUSSION

N Ramasubramaman,' (written discunvion)—For the as-extruded and non-autoclaved
specimens, the B-Nb precipitation i low flux—is 1t in the a-Zr phase? For the same materiaf,
arc the rates of deuterium pickup comparable, but initial pickup values ditterent?

McDougall and Urbamic (authors” closure)—In the first question, 1elerence 15 made to
Fig. 9, which depicts the influence ot initial B-Zr phase Nb concentration on the subsequent
oxidation of coupons at 523 K under three flux levels We see that after 200 days exposure
under low or high flux conditions that oxidation rates for as-extruded material (B-phase Nb
= 27 wi%) are remarkably sumlar to those for matenals thermally aged to give 68 and 85
wi% Nb in the B-phase Inttially, we considered the possibility that the as-extruded material
cahibited a low oaidation rate duc to B-phasce decomposition that occurred duning irradiation
testtng However, on the basis of data 1n Ref 2, it can be inferred that, over a 200-day period,
neither the low or high flux coupons could have experienced an increase in B-phase Nb
concentration of more than a few percent Thus we <peculate that the low oxidanon rate for
coupons of as-extruded matertal s 1n fact due to radiation-induced piecipitation ot B-Nb in
the a-Zr phase, previous work has correlated the appearance of such precipitates with flux
suppression of corrosion 1n Zr-2 SNb |2

The corresponding deutenum pickup rates for these coupons are shown in Fig 11, Since
deuterium measurements were made only at the end of the test, the figure is based on average
pickup 1ates; no anitial pickup data are available Figure 11 idicates that coupons of as-
extruded material exhibit sigmificant differences in pickup rate depending on the flux level
Comparning the in-1lux results, coupons exposed under high flux conditions showed deuterium
pickup rates ~ 1 6 tmes higher than under low flux, 1n contrast 1o the oxidation results (see
Fig 9

P H Kreyns? (written discussion)—Dad you observe any effect ot corrosion prehlm on
the amount ol deutenum pickup at low and high flux positions?

McDougall and Urbanie (authors’ (lovure)—While this paper dealt primarily with cou-
pons that were pickled and then prefilined (average thickness = (1.5 to 1.5 um), parallel tests

were performed using pickled coupons from the same pressure tubes In the majonty of
cases, deuterium pickup rates for pickled + prefilmed coupons weie significantly lower than

rates tor corresponding coupons i the pickled condition. Under both low and high flux
condutions, the diflerence was approximately 60% al 523 K and 23% at 598 K, based on
average rate calculations Long-term tests will allow us to compaie instantaneous rates lor
pickled and pickled + prehlmed coupons, which may result in diffetent values.

B Kammenzind,* (written discussion)  You <howed a lage diflerence between your au-
toclave cotrosion rates and your low flux and high flux corrosion rates even after low (luence
accumulatton You attribute the difference to precipitation of B-Nb in the a-grains Could a
second potential explanation be differences i the water chemistry between the autoclave
and m-flux samples, such as oxygen content ot the water?

McDuagall and Urbanic (authors' closure)—In the Halden loop, both in- and out-of -flux
samples were exposed 1o a single coolant stream containing a carelully controlled deutenum

' Fecatee, Inc
? Bedhtel Bets
' Betos Laboratory
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concentration. Reducing water chemistry was maintained at all times, resulting in dissalved
osygen levels of <5 pg - kg ', measured at the outlet of the test sections To ensure that
boiling did not occur along high-temperature channels (potentially allowing for stripping of
dissolved deuterium into the gas phase), the loop pressure was maintained at 15.5 MPa In
this way, radiolysis was suppressed in the bulk coolant passing over the in-flux samples.
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Introduction

The pnmary containment for the fuel n CANDU® reactors 1s provided by thin-walled
pressure tubes of cold-worked Zr-2 SNb - These tubes typically have a length of 6 3 m, an
inside diameter of 103 mum, and a wall thickness of 4 2 mm Duning service heavy water
flows through the tubes ta cool the fue! The tubes operate at an intemal pressure of
between 10 and 11 MPa at temperatures varying from 250-265°C (inlet ends) to
290-315°C (outlet ends) depending upon the reactor umit  Considerable progress has been
made recently in understanding the primary factors influencing the crack growth resistance
and failure mechamsm of the matenal  This includes the effects of rrradiation, deutenum
pickup and the role of pre-existing particles. The paper presents an update on the current
status of this werk for irradiated matenal having low concentrations of
hydrogen/deutenum  The results presented are from crack growth resistance curves
obtaned from curved compact and burst test specimens tested at 250°C, 1 ¢. the lower end
of the operating temperature range

Material
CANDU reactor pressure tubes are manufactured from extruded and cold-worked
(about 26%) Zr-2 5Nb. The results reported here are for material manutactured to the

earher specification shown in Table 1

Table 1 - Chemucal specification for Zr-2.5Nb pressure tubes for CANDU® reactors.

Element Specification (up to 1987) Current
Niobtum 2.4-2 8 wt% 25-2.3 wt%
Oxygen 900-1300" 1000-1300
Carbon <270 <125
Chlonne <05
Chromium <200 <100
Hydrogen <25° <5
Iron <1500 <650
Nickel <70 <33
Nitrogen <65 <65
Phosphorus ~ eeeee <10
Silicon <120 <100
Tantalum <200 < 100
Zircomum and Other Impunties Balance Balance

? Concentration of rematning elements given i ppm by wesght.
20 ppm hydrogen for ingot, 25 ppm hydrogen for final tube

The final microstructure of the matenal 1s dual-phase with a network of elongated
o~-phase (hexagonal-close-packed), containing about 1 wt% Nb 1n solution, surrounded
by a thin film of B-phase (body-centered-cubic), with about 20 wt% Nb []).
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Introduction

The pnmary containment for the fuel n CANDU® reactors 1s provided by thin-walled
pressure tubes of cold-worked Zr-2.5Nb  These tubes typically have alength of 6 3 m, an
inside diameter of 103 mm, and a wall thickness of 4 2mm Dunng service heavy water
flows through the tubes to cool the fuel The tubes operate at an iniemal pressure of
between 10 and 11 MPa at temperatures varyng from 250-265°C (inlet ends) to
290-315°C (outlet ends) depending upon the reactor umt  Constderable progress has been
made recenily in understanding the pnmary factors influencing the crack growth resistance
and failure mechanism of the material. This includes the effects of 1radiation, deutenum
pickup aad the role of pre-existing particles. The paper presents an update on the current
status of this work for irradiated matertal having low concentrations of
hydrogen/destentum. The results presented are from crack growth resistance curves
obtaned from curved compact and burst test spectmens tested at 250°C, 1 & the lower end
of the operating temperature range

Material
CANDU reactor pressure tubes are manufactured from extruded and cold-worked
(about 26%) Zr-2 SNb  The results reported here are for matenal manutactured to the

earlier specification shown in Table 1.

Table 1 - Cherucal specification for Zr-2.5Nb pressure tubes for CANDU® reactors

Element Specification (up to 1987) Current
Niobtum 24-238 wit% 25-28 wt%
Oxygen 900-1300* 1000-1300
Carbon <270 <125
Chlorine <05
Chromium <200 <100
Hydrogen <25° <5
Iron < 1500 <650
Nickel <70 <35
Nitrogen <65 <65
Phosphorus e <10
Silicon <120 <100
Tantalum <200 <100
Zirconium and Other Impunities Balance Balance

* Concentration of remaiming elements given tn ppm by werght.
®20 ppm hydrogen for ingot, 25 ppm hydrogen for final tube

The final microstructure of the matenal 1s dual-phase with a network of elongated
a-phase (hexagonal-close-packed), containing about 1 wts Nb in solution, surrounded
by a thin film of B-phase (body-centered-cubic), with about 20 wt% Nb {1]
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Degradation occurs during service as a result of irradiation damage as well as deuterium
pickup from the pressurised heavy water. Periodically surveillance tubes arc removed
from reactor and the mechanical properties assessed to en<ure that the tubes remain “fit for
service”™. Although some small specimen studies have been conducted on pre-selected
material irradiated in test reactors, the majonty of information on the crack growth
resistance of imradiated Zr-2.5Nb pressure tube material is from surveillance tubes.

Mechanical test results have been obtained to date on irradiated Zr-2.5Nb pressure
tube material sampled from tubes removed from Pickenng Nuclear Generating Station
(NGS) A Units 3 and 4, Bruce NGS A Units 1 to 4 and Wolsong Nuclear Power Plant
(NPP) Unit 1. The tubes sampled operated for up to 18 years in service at a fast neutron
flux of between 2.5 and 4 x 10" n m™s™ to give a maximum fast neutron fluence of
18 x 10% n m2 (E >1 McV). (All neutron fluences in this paper are for E >1 MeV.)
All the material was fabricated in the late 1960s and 1970s by early production
techniques, ¢.g. from double-vacvum, arc-melted ingots. The majority of mechanical
test results have been obtarned at a test temperature of 250°C. This temperature
corresponds to the lowest (inlet) irradhation temperature of the surveillance matenal and
was selected to avoid removal of any irradiation damage by annealing. In addition, the
maximum total equivalent hydrogen concentration (hydrogen + 0.5 deuterium
concentration by weight) of this matenial is <30 wt ppm, so that the hydrogen isotopes
would all be in solution at test temperatures > 250°C. (The termunal solid solubility for
hydnide dissolution at 250°C is about 29 wt ppm.)

Unirradiated archive matenal from the surveillance tubes 1s also available for
testing. The matenal comes from nings of material that are removed from the front and
back ends of a tube before installation The front end refers 10 the end that emerged first
1n the extrusion operation.

Experimental Techniques

Two different techniques are used to assess the crack growth resistance of irradiated
pressure tube material. The first is a small-scale specimen method using 17-mm wide
curved compact specimens machined directly from the tube material [24] (see Figure 1).
The second is a large-scale specimen method for rising-pressure burst tests using 500-mm
long sections with a 55-mm long, axial through-wall starter crack [5-7] (sce Figure 2). In
each case specimens are oriented for crack growth in the axial direction on the radial-axial
plane. After fatigue pre-cracking of the starter notch, specimens are loaded at a rate
corresponding to an initial rate of increase of stress intensity factor of about 1 MPaVms™.
Any stable crack growth is momntored using the direct-current potential drop method. The
positions of the constant cumrent and voltage leads are scleted w ensure that the
relationship between the voltage and crack length for a planar crack front is approximately
hnear.

Curved compact specimens are loaded in displacement control to produce about 3 to
4 mm of crack growth and the Joad, load point displacement and potential drop signal are
all monitored. After unloading, the crack extension area is marked by heat tinting, and the
measured (average) crack extension matched to the change in potential drop voltage
during the test. This allows direct calibration of the potential drop method for each
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(2 places) "\

Notes
1.  All dimcnsions in mulhmeters e _17.00 _4
2 Tolerances
One decimal place +0.3 2125
Two decimal places +0 08 262 ._‘l 1

Figure 1 - Standard (17-mm wide) curved compact specimen configuration

Figure 2 - Burst test specimen with mechanical end caps and potential drop leads
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specimen on an individual basis. Problems occasionally arise when tesung imradiated
specimens from tubes of hi gher toughness Such matenal may exhibit a load drop after
about 1.5 to 2 mm crack growth which is associated with secondary crack inttiation from
the back face at about 45° to the radial-axial plane. No correction methed for such
secondary cracking has been found. Curent practice is to use the cahbration factor from a
specimen of simslar toughness (i.e. load, displacement and voltage charactensucs before
the load drop) which did not exhibit “back-face cracking.” The origin of such crack
growth behavior is under investigation

Burst test specimens are internally pressunzed to farlure with argon gas and the
pressure and potential drop voltage monstored. In this case calibration of the potential
drop method on an individual basis is not possible, since crack instability occurs just
beyond maximum pressure. Studies of burst test specimens interrupted before achieving
crack instability at 250°C suggest the potential drop method provides conservative
assessments of crack extension duning the early stages of crack growth. This 1s because of
contnbutions to the voltage change from through-thickness yielding. However, given the
muxed-mode nature of the fractures observed for both the small- and large-scale specimen
geometry (see next section) the true bias of the results is unknown

The J-integral parameter used fer characterizing the crack growth resistance of
Zr-2 5Nb pressure tube material may be considered the elastic-plastic equivalent of the
Lincar clastic strain cucigy release rate, Q. This is especially true for the rising-pressure
burst test [5-7], where J is calculated using a strip yield equation for an axial
through-wall crack in a thin shell [8], i ¢. an elastic equation with a small-scale
plasticity correction factor.

In comparison, for curved compact specimens the standard ASTM equation for J for
a flat compact specimen is used [2-4]). This equation 1s based on the original non-linear
elastic interpretation and analysis of Rice for the deformation J-integral [9], but the
validity of this approach is questionable after crack initiation, c.g. work by Tumcr [10]
In fact, different values for J are obtained if alternative analyses are used, e g the
modified J-integral [11], the dissipation J-integral {12]. Such differences can be
significant when crack front tunneling occurs, see recent paper on Zr-2.5Nb pressure
tube material by Davies {13). However, for the purposes of surveillance testing, the
kmitations of the standard ASTM equation based on the deformation J-integral are
accepted due to the simplicity of the approach and its current widespread acceptance
within the field of elastic-plastic fracture mechanics.

Crack Grow{l{ Resistance (J-R) Curves and l':'racture Modes

A J-integral versus crack extension (crack growth resistance or J-R) curve may be
considered 2 measure of the elastic-plastic energy expended during crack growth, with
the shape reflecting the macroscopic crack growth process in the matenal. For
irmadiated Zr-2.5Nb pressure tube material a large range of different shape J-R curves
are observed depending upon the charactenstics of the individual pressure tube, the
irradiation and test conditions as well as the specimen geometry. For example, Figure 3
shows the range of J-R curves obtained from burst tests at 250°C for the original tubes
removed from Pickenng NGS A Units 3 and 4 [6]
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Figure 3 - Range of crack 600 [Syrrbol denotes max. PWSUTC]
growth resistance (J-R) L 508

curves from rising-pressure
burst tests on survelllance
tubes removed from

Pickering NGS A Urats 3 192
and 4 at 250°C
Such curves show evidence
of the three stage crack
growth behavior observed : '
8 10 12

earher for small specimens

[£4] These three stages

can be classified as

indicated below

1) Stage 1 (plateau) due to a low energy-absorbing, flat fracture mede developing 1n
the region of highest constraint at the mid-thickness

2) Stage 2 (increasing slope of J-R curve) due to a high energy-absorbing, transition
fracture mode developing 1n the region of intermediate constraint between the
mud-thickness and surface

3) Stage 3 (decreasing slope of J-R curve) due to a low energy-absorbing slant fracture
mode developing from the region of lowest constraint at the surface
Thus individual irradiated Zr-2.5Nb pressure tubes may be charactenized as being of

low, intermediate or high toughness depending upon the relative contnbutions of these

different fracture modes.

1) Low toughness: dominated by flat and slant fracture modes, 1 ¢ stage 1 and 3.

2) Intermediate toughness: flat, transition and slant fracture modes all sigmficant 1 e.
stage 1,2 and 3.

3) High toughness: domunated by transition and slant fracture, 1 . stage 2 and 3

An example of a fractograph for a high toughness specimen showing the three different

fracture modes 1s shown 1n Figure 4
The relative contributions of the different stages depends upon the relative

proporuons and energy-absorbing capacities of the different fracture modes, which 1s

determined by the ease of void nucleation, void growth and coalescence ahead of the

crack ip Therefore, the relative proportions and energy-absorbing capacities of the

three different fracture mndes depends on the following factors

1) The size, shape and distribution of the particles present since this influences the
probability of nucleating voids [15)

2) The deformation charactenistics of the matrix which influences the local crack-tip
stress for void nucleation, growth and coalescence (ltgament faiture) {15-17]

3) The specimen geometry which influences the crack-up stress and the probabihity of
achieving the stress level required for void nucleation, growth and coalescence
[18.19]

Crack extension, mm
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Figure 4 - Scanning electron fractograph of burst test specimen from a tube of high
toughness tested at 250°C showing narrow flat fracture zone at mid-section {f). wide
cup-shaped transition zone (1), and slant fracture developing at surfaces (s)

(Tult angle view at 45°.)

For rrradiated Zr-2.5Nb pressure tube materal the factors m 1) and 2) are strongly
influenced by the initial properties of the as-installed tubes (e.g ingot material,
fabrication variables) as well as the operating conditions of the tubes in a given reactor
(¢ g. fast neutron fluence and irradiation temperature). Therefore, some discussion of
the influence of these variables on the J-R curves is warranted. The majority of this
work is based on the results from small curved compact specimens. The effects of
specimen geometry, and confirmation of the influence of such variables on the J-R curves
from rising-pressurc burst tcsts, is presented afterwards

Factors Influencing J-R Curves from Small Specimens (Parametric Studies)
Void-Nucleating Particles

Void-nucleating particles may be considered as primary or secondary depending
upon whether they are responsible for mitial void nucleation ahead of the crack tip at
relatively Jow stress levels or at higher stress levels contributing to ligament failure
between the primary voids. The majority of work on Zr-2.5Nb pressure tube material to
date has focused on the study (and chumination) of particles responsible for primary void
nucleation In addition to the well known effects of zircontum hydnde [20], such
particles include a Zr-C1-C (complex carbide), responsible for preferential decohesion
and fissuring [21,22], zrconium phosphide and carbide [2/-23]. Quantitative
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relationships between crack growth toughness and fissure spacing and length (an
indirect measure of the density of Zr-Cl-C particles) are given elsewhere for the
unurradiated [21] and 1rTadiated matenal [22] Relationships between toughness and
denstty of zircomum phosphide and carbide particles are provided in reference [23]

In addition, 1t has been shown that tubes fabncated from ingots made-up from [00%
recycled matenal (1 ¢ passed through the production process twice and equivalent to
quadruple vacuum-arc-melted matenal) exhibit the highest toughness [21-24]. This s
because of the low concentration of chlonne and an absence of Zr-C1-C particles
[21-23] The influence of these pre-existing particles have now been elimipated by
careful control of the ingot chemustry, including the use of selected raw matenals and
quadruple vacuum-arc-meliting {24]

The effect of chlorine on the crack growth resistance of wradiated Zr-2 SNb pressure
tube matenal at 250°C 1s demonstrated 1n Figures 5 and 6 using the results from small
specimens sampled from survetllance tubes Figure 5 shows the inmitial crack growth
toughness (dJ/da), which 1s a measure of the “toughening rate™ of the matenal dunng
the early stages of crack growth, and 1s calculated as the linear regression slope of the
J-R curve between the 0 15 and [ 5 mm offset lines  For companison, the J value based
on maximum load-bearing capacity or load, (Jny) 1s given in Figure 6 The chlonne
concentration was determuned from unnradiated archive matenal from the different
surverllance tubes using Glow Discharge Mass Spectroscopy (GDMS). For clanty, only
results from tubes having a low concentration of zirconium phosphide have been
included, 1e P <20 wt ppm, since previous work has shown that such particles have
Iittle effect below this Ievel (23]  Both sets of results demonstrate a sharp reduction tn
toughness with increasing Cl at concentrations < 3 wt ppm with hittle further change at
higher Cllevels. The results also show that the Cl concentration of the Zr-2 5Nb
pressure tube material fabncated 1n the late 1960s and 1970s from 100% recycled
matenal was < 1 wt ppm This compares with a level of Cl < 0 2 wt ppm which is now
achievable with careful matenal selection and ingot melting practice

Figure 5 - Intial crack
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Deformation Characteristics of Matrix

The deformation characteristics of irradiated Zr-2.5Nb pressure tube matenal are
determuned by the propensity for slip, dislocation channeling and twinning at a given
test temperature, i ¢. by the yield stress and the twinning stress (14,25,26). Such factors
influence the tendency for void nucleation and also for void growth and coalescence
once the voids are formed, and are sensitive to the operating conditions of a given
pressure tube, i ¢ the fast neutron fluence and sradiation temperature.

For example, at low fluences (< 3 x 10%*n m™) irradiation at a temperature of about
250°C increases the transverse yield stress and ultimate tensile strength under static
Joading conditions at 240°C by about 200 and 180 MPa, respectively, [27). At higher
fluences only a small further increase in strength is observed, ¢.g. about 5 MPa per
increase in fluence of 1 x 10%n m'z) [27]. Such results show little difference between
the yield strecs and ultimate tensile strength after irradiation, a characteristic of a low
work-hardening material before the onset of strain localization (work-softening) by
twinning and/or dislocation channeling [14,25,26]. These changes are pnmanly
associated with an increase in the (a-type) dislocation density [27,28].

Therefore the main effect of irradiation on crack growth resistance is expected to
occur early in the hfe of a reactor pressure tube, within the first year. This is
demonstrated in Figures 7 and 8 which show the initial crack growth toughness (d¥/da)
and maximum load toughness (J..4) versus fluence for material from tubes having a
lower (< 0.2 wt ppm) and higher (<4 wt ppm) chlorine concentration, The sharp
decrease in toughness at low fluences (<3 x 10™n m'z) 1s associated with an increased
susceptibility of the material to void nucleation resulting from irradiation hardening
[22,27). Athigher fluences there is little evidence of further degradation, behavior
consistent with the toughness being governed mainly by the presence of pre-existing
particles in addition to the near saturation in the hardening response. However, both
sets of results exhibit considerable scatter, the source of which is discussed below.
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Figure 7 - Iutial crack growth toughness (dJ/da) from curved compact specimens of
wrradiated material tested at 240/250°C versus fast neutron fluence Note that tube
H737 and H850 were 1rradiated in test reactors compared with results obtained from
the survellance tube F316. T, s the irradianion temperature in °C  All material with
P < 10wtppm F & B refer to umirradiated material obtained from archive rings
removed from front and back ends of tube before nstallation
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Figure 8 - J at maximurn load (J ) from curved compact specimens of irradiated
matenial tested at 240/250°C versus fast neutron fluence Note that tube H737 and
HB850 were trradiated in test reactors compared with results obtained from the
survellance tube F316 Ty 15 the rradiation temperature in °C All material with
P < 10wt ppm F & B refer to unirradiated matenal obtained from archive rings
removed from front and back ends of tube before installation
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The effect of irradiation fluence on the J-R curves obtained for the material of lower
toughness (Cl = 4 wt ppm) tested at 240°C is shown in Figure 9. Here the sharp
reduction 1n the initial slope and formation of stage 1 plateau is associated with the
development of a wide tunnel-shape flat fracture zone at the mid-section, as shown in

Figure 10.

Figure 10 - Optical
Jractograph showing stable
crack growth region of
irradiated specimen from
tube H737 (Cl = 4 wt ppm)
irradiated in OSIRIS test
reactor. Features include -
tunnel-shape. flat fracture
zone at mid-section (f).
narrow cup-shaped
transition zone (1), and
wide slant fracture
developing at surface (s)
{(Normal view )

Such flat fracture zones are associated with preferential void nucleation and growth
at Zr-CI-C (complex carbide), aligned in the axial or extrusion direction of the tube
[21,22] . This is manifested by fissures on the radial-axjal fracture planc. The large
variation {n the J-R curves at longer crack extensions fur the irradiated matenal (stage 2
and 3) is related to a tendency of such matenal to develop slant fracture. The latter may
occur preferentially at one or other surface as the crack front tunnels forward at the
mid-wall to relieve the high crack-up constraint, as indicated 1n Figure 10. Thus
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specimens with lower J-R curves exhibit not only wider flat fracture zones, but also an
increased tendency to develop slant fracture, i € areduction in the width of the
transition zones between the regions of flat and slant fracture In this regard the
maximum load toughness (Jm) 1s 2 more rehiable indicator of such behavior than the
mitial crack growth toughness (dJ/da), since the latter 1s a measure of the imual J-R
curve slope and does not reflect the crack growth behavior at larger crack extensions

In comparison, Figure 11 shows the effect of fluence on the J-R curves obtained for
a matenal of higher toughness (C1 = 0 2 wt ppm) tested at 240°C and 250°C

Figure 11 - Range of J-

R curves at 240/250°C
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results, respectively.

[ Tube F316 (Q <02 wt ppm) |

In this case the reduction tn initial J-R slope after irradiation 1s not as large as for the
matenal with 4 wt ppm Cl, and there 1s no evidence of stage 1 crack growth This ts
beheved to be due to the absence of significant void nucleation sites. The vanation in
the J-R curves anses mainly from differences in the imtial slope which result from
vanations 1n size of the crack-tip blunting zone. For example, specimens sampled from
umrradiated matenial exbubit full through-thickness yrelding and a2 wide crack-tip
blunting zone extending fully across the wall about 1 mm ahead of the fatigue crack.
However, after trradiation the blunting zone does not always extend fully through the
thickness, as shown in Figure 12 by the fracture surface for an rradiated specimen
tested at 250°C  Here, the blunting zone 1s narrow at the sud-wall, where the crack-up
stress state (constraint) 1s high, but extends from the mid-wall as two tnangular-shape
regions, up to 1 mm ahead of the faugue crack to the surface where the constraint 1s
fow Therefore, for matenal of higher toughness, the tmihial crack growth toughness
(dJ/da) does not necessanly reflect a true measure of crack extension, ¢ g by microvoid
coalescence. In the current case dJ/da reflects a combination of both blunting and crack
extenston which are difficult to separate
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Figure 12 - Optical fractograph
showing stable crack growth
region of wrradiated specimen
Jfrom surveillance tube F316

(Cl < 0.2 wt ppm). Features
include wide blunting zones at '
surface (b), tunnel-shape, flat
Jfracture zone at mid-section (f},
wide cup-shaped transitiort zone
(1), and narrow slant fracture -
developing at surface (s). '
{Normal view.}

An tncrease 1n the irradiation temperature is known to produce a reduction in the
a-type cislocation density and the hardening {29]. Thus at the same test temperature,
increasing the irradiation temperature is expected to increase the crack growth resistance
curve due to the reduction in local crack-tip stress.

Limited results on small specimen tests at 250°C suggest that the J-R curves from
matenal of lower toughness are less sensitive to irradiation temperature than those from
higher toughness materia) [7]. An example of the sensiivity of material from a
surveillance tube of higher toughness (Cl < 0.2 wt ppm, P < 57 wt ppm) 1s shown in
Figure 13 {7).

Figure 13 - Comparison 600
of J-R curves at 250°C "E | warnem 100 €221388 em (276°C)
Jfrom curved compact =
specimens sampled from 2 400 L ‘ CLA33 em GT1°C)
different axial locations - C29/218 cm (269°C)
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{Cl <02 wtppm, o o

s = 200 } €52/173 em from intet
P<57wtppm} Fast = 3 (Tirr= 256*C)
neutron fluerce of 9 to — A
11 x10° nm®, Ty, is the 2 Eymbol denotes max. load l
irradiation temperature 0 : —— * *
in °C o 1 2 3 4 5 6

Crack extension, mm

In Figure 13 the J-R curves are from small specimens machined from different axial
locattons along the main section of the tube where the fast neutron flux was relatively
constant, varying fromonly 9 to 11 x 10%* n m™. In all cases the specimens were
machined from the same circumferential location, i ¢ the 9 o’clock position where the
6 o'clock and 12 o’clock positions refer to the bottom and top of the tube, respectively,

viewing from the inlet end. Such results clearly show the increase in crack growth
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resistance (stage 2 and 3) with increasing axial distance from the 1nlet end of the tube
(71
Figures 14 and 15 show plots of the initial crack growth toughness (dJ/da) and
maximum Joad toughness (Jou), respectively, versus rradiation temperature for the same
senes of tests  The figures show duplicate small specimen test results from each
locauon, as well as the comresponding values of transverse UTS, and provide
confirmation of the inverse relationship between crack growth resistance and transverse
strength
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For comparison, Figure 14 and 15 include results from a vanability study on a nng
of matertal sampled 463 cm from the inlet  For the latter, the Jowest and hughest
toughness results were obtained for locations closest to the top (12 o’clock) and bottom
(6 o'clock) positions, respectively, consistent with the lower local temperature towards
the top of the tube as a result of more coolant flowing above the fuel. The range 1in
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results from the ring vanability study are generally 1n agreement with expected behavior
based on those obtained from the different axial locations In particular, the results
1mply a temperature difference between the top and bottom of the tube of about 20°C, in
good agreement with the predicted behavior of CANDU reactor tubes based on
modeling studies {30].

Geometry (Constraint) Effects

The previous section has shown the influence of primary variables (particles,
deformation charactenstics of the matnx) on the J-R curves of irradiated Zr-2 SNb
pressure tube material based on the results of curved compact specimens. However, the
majonty of J-R curves from small specimens gencrally lie well below those from burst
tests as a result of the higher crack-tip stress (constraint) associated with the former
compared with the latter [5,6] This is demonstrated in Figure 16, which compares the
J-R curves from a matched set of small- and large-scale specimens for a surveillance
tube of lower toughness Results from both plane and side-grooved curved compact
specimens are shown. The shape of the different J-R curves are consistent with a hugher
proportion of flat fracture (stage 1) and a lower proportion of transition fracture (stage
2) being observed for the higher constraint, bend-type specimen compared with the
burst test specimen

g

Figure 16 - Comparison of
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specimens generally improves due to the dominance of the high-energy absorbing
trangition fracture mode (stage 2) [6] This is shown in Figure 17, where the use of side-
grooves 1s now less effective in suppressing through-thickness yielding in the curved
compact specimens.

However, at all levels of toughness care must be taken in applying the results from
small specimens to the actual tube geometry This 1s because crack instability in a burst
test occurs predominantly by slant fracture (stage 3) Such a fracture mode develops
from the two surfaces after the crack-up stress state is relieved by crack-front tunneling
at the mid-section. However, 1n small specimen testing, such slant fracture may only
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Figure 17 -Companison of J-R 600
curves at 250°C from

standard burst test and plane a &7
and side-grooved curved
compact specimens from
survetllance tube 508
{Cl<02wtppm,

P <57 wtppm)

025 mmsg

0.5 mmsg
1 nmsg

J-inggml, kJ/m?

Just be in evidence close to
the spectmen surfaces at the
termination of the test In
addition, the out-of-plane
bending or bulging associated
with a nsing-pressure burst
test alsu promotes slant
fracture, especially at higher levels of toughness corresponding to wider crack openmgs
This effect 1s responsible for the matenal dependence of crack-size-effects observed
recently for matenal of higher toughness. 1 e a decrease mn crack growth resistance for
burst tests with long starter cracks (1 € > 65 mm) such that the J-R curves hie below
those of the matching small specimens (see Figure 18) [7]
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Factors Influencing J-R Curves from Rising-Pressure Burst Tests

The foregoing has demonstrated the importance of confirmung the effect of vanables
on the J-R curves of the irradiated matenal by means of large-scale tests, such as
rising-pressure burst tests, before applying such results to the in-reactor situation
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An example is shown in Figure . 19 using the results from standard rising-pressure
burst tests on surveillance tubes conducted at 250°C. Here the maximum pressure
toughness has been calculated based on the instantaneous crack size (J, mp) and plotted
versus the chlorine concentration measured from vnirradiated archive material.

In each case the starter crack was located at the 3 o’clock position to minimize any
vanations 1n toughness arising from circumferential variations in irradiadon
temperature With the exception of the results for tube 508 (see below), each data point
corresponds to the crack instability (maximum pressure) position on the J-R curve fora
different tube The resnlte confirm the influence of bulk chlonne on toughness. with
tubes fabricated from 100% recycled material (chlorine concentration < 1 wt ppm)
having the highest toughness. However, compared with the small specimen results of
Jos versus chlorine in Figure 6, there is considerably more scatter in Figure 19 and
insufficient data to determine the true shape of the relationship between Jyp, and
chlorine concentration. This is in part due to uncertamnties in the definition of the
instability point, e.g , for tube 192 which exhibited an extended plateau in the pressure
veraus crack extension curve [6.7). Such uncertainty (and scatter) in the data can be
reduced by using a J value based upor: the hoop stress at failure and initial crack size
(Jmpo), s shown in Figure 20.

The remaining scatter 1n Figure 19 anses mainly from vanabulity in the following
factors.

1) Experimental error including uncertainties in the local C1 concentration of the burst
test specimen.

2) Size and distribution of zirconium phosphide and carbide particles.

3) hradiation hardening due to variations in fluence and 1rradiation temperature.

4) Initial deformation charactenstics of the individual tube.

For material with C1 < 1 wt ppm (100% recycled matenal), variations in the Cl
concentration are relatively small, i.c. < 0.1 wt ppur. However, for material with Cl
> 1 wt ppm (< 100% recycled material), variations 1n C1 < 1 wt ppm have been observed
in the GDMS results from duplicate samples, as well as from material sampled from the
front and back end of the tube. The largest variation in Cl is observed for tubes
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fabncated from billets sampled from the top of an ingot, 1 e the final solidification zone
Such tubes also tend to have a lower average Cl concentration compared with their
“sisters” (tubes from the same ingot) due to the reduction in volatile trace elements
towards the top of the ingot

Zirconium phosphide and carbide particles up to several microns in diameter have
been observed on many of the fracture surfaces of the burst test specimens {6,7). This is
because the majority of burst tests have been conducted on the onginal tubes removed
from Pickenng NGS A Unit 3 and 4 for which the concentration of phosphorus and
carbon was generally high, 1 ¢ up to about 80 wt ppm and 180 wt ppm, respectively
[22,23]. This 1s well above the level at which zircontum phosphides and carbides have
been identfied on fractures, 1 € > 8 wt ppm and 125 wt ppm, respectively {22,23]
However, in comparison to the small specimen results in Figure 6, there are too few
burst test results to limut the database, e g 1o tubes with P <20 wt ppm

The role cf uradiation hardening in reducing the J-R curves obtained from burst
tests has been confirmed by tests on two sections of tube 508 This tube was fabncated
from 1C0% recycled matenzl and had a phosphorus concentration up to 57 wt ppm
The J-R curve results are shown 1n Figure 21 for the two sections taken from the center
and mnlet regions cf the pressure tube [7] The fast neutron fluence and 1rradiation
temperature are 11 1 x 10% n ' and 271°C for the former and 93 x 10% n m? and
256°C for the laiter For these tests the difference 1n fast neutron fluence 1s small and
the reduction in crack growth resistance 1n Figure 21 anses mainly from the vanation in
transverse strength  The latter was measured after each burst test at the 9 o’clock
position (1 e diametnically opposite the starter flaw), giving values of 852 and 913 MPa
for the center and inlet/center test sections, respectively The relative magmitude of this
effect of 1radiation hardening on the maximum pressure toughness parameters, Jo, and
Jmpo- 15 1ndicated 1n Figures 19 and 20, respectively Such results are very similar to the
previous results obtained from the corresponding small specimens (see Figures 13 to
15)

Early attempts to rationalize all the burst test specimen results from the onginal
Pickenng 3 and 4 tubes solely on the basis of chlonne concentration and transverse
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strength proved reasonably successful (see Figure 16 in reference 7) However, as
results from tubes installed in later reactors have become available, it is now clear that
such relationships are sensitive to the initial deformation charactenstics of the
individual tube, ¢ g. initial yicld strcss and twinning stress. For example, variability in
yield stress can arise from variations in the oxygen and niobium concentrations [31] as
well as the imitial dislocation density [31], grain structure and texture [32]. Such
vanations can result from minor changes in ingot chemistry, fabrication route and
extrusion variables [33-35].

The sensitivity of the crack growth resistance of irradiated Zr-2 SNb pressure tube
material to the initial deformation properties of the tube at 250°C is due to the sinularity
of the yield and twinning stresses in the operating temperature regime after irradiation
[26). These parameters determine not only the local crack-tip stress for void nucleation,
but also the propensity for deformation by dislocation channeling and/or twinning
compared with slip, i e., for strain localization. Such strain localization contributes to
the failure of igaments between neighbonng voids (stage 1 and 2 crack growth) and
controls the onset of slant fracture at the surface (stage 3) Therefore, removal of vord
nucleation sites is particularly beneficial. This is because it increases the effective wall
thickness for local ligament failure, and also reduces the cxtents of stable crack growth
and tunneling which orient the crack front for easy development of the “sliding-off”
mechanism.

Work is now underway to extend the database of burst test results and to determine
the quantitative relationship between crack growth resistance and Cl using material with
mtermediate levels of Cl and low levels of zirconium phosphide. The initial
deformation characteristics of the burst test material are also being studied with the aim
of clucidating the microstructural factors responsible for the vanability in results in
Figures 19 and 20. This should allow further rationalization of the results obtatned from
different reactor units as well as the potential for producing further improvements in
crack growth resistance.
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Summary

The key factors controlling the crack growth resistance of irradiated Zr-2 SNb
pressure tube matenal at 250°C at low levels of hydrogen/deutertum have been
reviewed using the current database of small- and large-scale specimen results from
different CANDU reactor pressure tubes. The review highlights the role of the
followtng factors.

1) The mixed-mode nature of the crack growth process in the irradiated, thin-walled
matenal, 1 e flat, transition and slant fracture modes

2) The relative proportions and energy-absorbing capacities of the different fracture
modes, which is determuned by the ease of void nucleation, growth and coalescence
ahead of the crack ip

3) The role of pnmary void nucleating particles, e g Zr-Cl-C (complex carbide),
airconium phosphide and carbide, the beneficial effects of ehnmunatng them. For
cxample, the removal of chlonne and Zr-CI-C particles by quadruple
vacuum-arc-melting.

4) The deformation charactenstics of the matnix, e g. yield stress and twinning stress,
which control the tendency for void nucleation, growth, coalescence and stramn
localization (work-softening)

5) The specimen geometry, e g crack size, geometry and matenal effects in influencing
the relationship between the J-R curves obtained from different specimens.

The current results from curved compact specimens, having a low concentration of
zirconium phosphide (P < 20 wt ppm), suggest a imting Jevel of Cl (about 3 wt ppm)
above which no further significant degradation 1n the crack growth reststance occurs
Such results require confirmation using nsing-pressure burst tests on matenal with
intermediate levels of Cl and low levels of zircontum phosphide

The influence of minor vanations 1n tube fabncation on the deformation behavior of
Zr-2 SNb pressure tube matenal (item 4 above) also requires study This should allow
further ratronalization of the results obtained from different reactor units as well as the
potential for producing further improvements in crack growth resistance.
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ABSTRACT INTRODUCTION

CANDU' reactors use Zr-2.5Nb alloy pressure tubes, as the There are currently 32 CANDU nuclear reactors operating or
primary pressure boundary within the reactor core.  These under construction worldwide. A key feature of the CANDU reactoc
somponents are -subject to pedodic inspechon and material is the 380 to 480 horizontal Zr-2.5Nb pressure tubes, containing the
survedllance programs.  Occasionally, the inspection program fuel bundles, through which the primary heavy water coolant flows.
ancovers 3 flaw, whereupon the flaw is assessed as to whether it These Zr-2.5Nb pressure tubes are a primary pressure-retaining
sompromises the integrity of the pressure-retaining component. In component, and during service are subjected to  operational
1998, such a flaw was observed in one pressure tube of a reactor. temperature of 249 to 313°C, coolant pressures of 9 6 to 11.2MPa,
Non-destructive techniques and analysis were used to form a basis to and ncutron flux uwp to 3.7 x 10"w/m’fs. Occasionally, routine
disposition the flaw, and the component was fit for a himited service inspection of the pressure tubes will uncover a seevice related flaw,
life. This component was eventually removed from service, which must be assessed to insure that safe operation of the reactor is
whereupon the destructive examinations were used to validate the not compromised. This paper describes the assessment of one such
disposition assumptions used. Such a process of validation provides Naw, and the vesification of the assessment parameters during its
credibility to the disposition process. This paper reviews the original destructive examination after removal from service. This type of
Raw and jts subsequent destructive evaluation. assessment and verification are used to ensure that the Zr-2.5Nb

pressure tubes continue to perform their function of containing the
NOMENCLATURE - primary heavy water coolant under operational conditions.
[H)eg hydrogen equivalent concentration in wt. ppm.  Given
that CANDU reactor use heavy water (D20) as the The flaw was discovered during a routine inspection of a fuel channel

pnimary coolant, the convention for CANDU reactors is in June 1998. The fMaw was likely the result of foreign matenal,
to consider hydrogen as the protium isctope only, to which entered the pnmary heat transport system duning a major
dishnguish it from the deuterivom isotope.  Then, reactor service outage in 1995. Once in the primary heat transport
{Hleq = [H] + 2 [D] where [H] and [D] are the protum system, the foreign material scored the inside surface of the pressure
and deuterium jsotope concentrations in wt. ppm, tube, most likely dunng a re-fuelling operation for that channel
respectively. (Table 1). After discovery of the flaw, an assessment of the flaw was
R gas constant, 8.314 JK conducted and the flaw was not considered detrimental to the safety
T temperature in Kelvin of the reactor. The pressure tube containing the flaw continued in-
Zr Zirconium service, until the pressure tube could be replaced during a convenient
Nb Niobium planned outage. The flaw was destructively examined to verify the
TSSD Terminal Sohid Solubility of hydrogen in Zr-2.5Nb parameters of the flaw assessment. Such information can be used to
material upon Dissolution assess similar flaws in other reactor units

ApAx Constants

! Registered trademark of Atomic Energy of Canada Limited
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Table 1: Significant Dates Relating to ilaw

7 ACTIVITY [+ DATESHUREN SIGNIFIGANCE: o

Reactor Re-Start Dec 1995 | Outage when foresgn matenal

after Service tnadventently introduced into

Outage the Pnmary Heat Transport
Circuit

Re-Fueling Dates Dec. 1995 | Movement of fuel bundles after

for given Location | Nov 1996 | inadvertent mntroduction of

May 1997 | foreign matenal into Primary

Heat Transport Circuat

{nspection of Jan. 1598 | Initial discovery of the flaw, a.

Pressure Tube 13 0 Full Power Years of
operation.

Removal of June 1998 | At 13.3 Full Power Years of

Pressure Tube operation

Contaming the

Flaw

ASSESSMENT OF THE FLAW

The major concern regarding flaws :n CANDU reactor pressure
tubes is the potential of the flaw to inttate and propagate a crack by
Delayed Hydnde Cracking (DHC). This 1s a mechamsm whereby
hydrogen, dissolved in the pressure tube, preferentially precipitates at
the tugh stress region produced at the flaw tp, exacerbated by reactor
cool-downs.  With each successive reactor cool-down, more
hydrogen, as a bnttle hydnde platelet, precipriates at the flaw tip
Furthermore the hydnde plaielets precipitate perpendicular to the
tensile hoop stress. Wikn e critncal condition exists, such as the
hydride platelets reaching a certain size, the battle hydnde platelets
can no longer suppoit the tensile hoop stress and a crack intiates
With further thermal cycles from reactor start-up and shmi-downs, and
subsequent hydnde precipitation, the crack front can propagate.

Duning a penodic in-service inspection a flaw was discovered 1n one
pressure tube, on the inside surface at the 6 o'clock orientation, At the
time of discovery, the pressure tube had scen 13 0 Full Power Years
(FPY) of operation. The flaw was conssrvatively assessed and found
to be acceptable for at least 4 additional thermal cycles and a further
1.6 FPY of operauon, for a total of 14 6 FPY of operation [1]. The
process to assessing a flaw nvolved: first, defining the existng flaw
condiuon, second, detcriumng the operating conditions that the flaw
15 to expenence over the assessment penod, and thind, determuning
the condition of the flaw at the end of the assessment penod

In terms of defiming the extsting flaw, the pnnaple parameters are
length, wadth, depth, and whether the flaw tip 1s blunt or sharp  Such
information 15 obtaned from non-destructive inspection data.
Second, the expected operating conditions for the penod of
assessment are established, including the expected number of thermal
cycles, the total operaung time, and the operating and any residual
stresses.  Third, the expected operating conditions are applied to the
flaw, thereby establishing the flaw condiion at the end of the
assessment penod

Two sigruficant operating condition details were assessed for the flaw
under consideration First, the flaw was located in the inlet rolled
Jomnt region where residual stresses are known to exast in the pressure
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tube as a resut of formung the rolled jornt, which connects the
pressure tube to the end fitting. Second, the manner by which the
flaw was formed could induce addibonal residual stresses. The latter
condition was a new consideration for a flaw tn a CANDU reactor
pressure tube

The length of the assessment penod of this flaw provided sufficient
time for a planned and orderly removal of the pressure tube, with
mummal disruption to station operation. The pressure tube containing
the flaw was ultmately removed after 133 FPY including one
additonal thermal cycle, well within the assessment penod of
14 6 FPY and 4 additional therma! cycles Once removed, the flaw 1n
the pressure tube was destructively examined, and compared to the
assessment values (Table 2)

Table 2: Companson of Various Assessment Parameters
with Measured Values

Local Operating 267°C 267°C Atinlet end
Temperature at of the
Flaw pressure tube
Maximum Flaw 032mm 029 mm Assessment
Depth values
conservative
Hydrogen 7 ppm 11 ppm
{protzum)
Conc'n
Deutenum 547 ppm 54 ppm
Conc’'n
Hydrogen 34 ppm 38 ppm TSSD at
Equivalent, Normal
Conc'n Operating
Condiuons
of 267°Cs
38 ppm
Maximam 400 MPa 74 MPa Assessment
Tensile Resadual values
Stress due to conservative
Flaw (Hoop
direction)
Flaw Type Shortsharp & | Shortsharp &
long blunt Jong blunt
portions portions
As-rolled 100 MPa* 79 MPa® Assessment
Residual Stress Values
Conservative

1. Esumated value based on samples from a simular tube under
similar condiions, including estimated devtenum pick-up to the
end of the assessment penod

2. Estmated in the as-rolled condition, which would be expected to
relax to ~26.5 MPa due to operation.

3 Calculated based on the measured rolled joint profile




4 cntical component of the flaw assessment, and one of the most
Hifficult parts of the assessment to quantify, was the stresses
mmeduately under the flaw itself. The flaw was produced by foreign
naterial in a ploughing, rather than a cutting action, along the bottom
of the pressure tube, 6 0°clock. It would be expected that a flaw
soduced in such a manner would resule in high residual stresses
nmediately under the flaw, as the foreign matenal distonts the
pressure tube material .

As idennfied previously, hydnde platelets will tend to selectively
precipitate to the local temsile stresses. = The
introduction of a flaw resulted in two items to be considered. First,
the flaw would act as 2 stress riser to concentrate the hoop stresses
from both normal operation and from any remaning residual
manufactunng stresses.  Second, the flaw formation process iself
could result in stresses near the flaw. Previous experiences with flaws
in CANDU reactors were concerned with the combination of the
operating and residual stresses at a flaw tip  This flaw introduced 2
third stress component: stress from the flaw formation process.

At the operating temperature of 267°C, the yield stress of the pressure
tube matenal is approxamately 800 MPa [2]. Alsa, the upper hmit of
the combined service and residual stresses at the flaw Jocation was
estimated at 400 MP2 Thus, the conservative maxmum residual
stress due to the flaw formation, without yielding of the material
would be 400 MPa (i.c. 800 - 400 MPa) Based on this conservative
assumption, the flaw was found to satisfy the acceptance cnteria for
minimum safety margins for 4 additional thermal cycles and a further

1 6 FPY of operation {3} -

An equally important consideration in the assessment was the hydride
concentration in the flaw region. Hydnde ratcheting is the process of

hydride growth and pactial dissolution dunng cool:ng and heatng, .

respectively [4]  For hydride ratcheting to occur, the local hydrogen
concentration must exceed the Terminal Sohd Solubility (TSS) Limt
as given by Equation 1 (5] i

[Hlq= A, exp {-A:/ (RT)} m

At the flaw location near the inlet end of the pressure tube,.the local
operating temperature is 267°C, which comesponds to a TSS himt of
38 ppm. Thus, at or below 38 ppm, hydride concentrabon through
ratcheting is not expected to occur. Thus, DHC inination and
propagation is also not expected. Also, the shutdown, or cool-down,
cycle of the reactor in tenms of deceasing the temperatures and
pressures (operating stress) is structured to avoid hydride ratcheting
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DESTRUCTIVE ANALYSIS

To confirm the analytical assessment of the flaw, there were two
key parameters to measure First were the stresses guesto-the flaw
formation process. Second was the local hydnde concentrations and
evidence of hydnde accumulanon at the flaw tip. The,general
features of the flaw are shown in Figure 1.

Measurement of the Residual Stresses due to tHs-Flaw

Process
The flaw region was isolated into 2 single piece of material
approximately 165 mm in the axal direction x 354 mm in the
circumferennal direction and 4 2 mm thick. The sectioning process
reheves any residual hoop stresses, thereby leaving only the .stresses
due to the flaw formation process A neutron diffraction techmique
was used to measure the stresses under the flaw at six depths through
the wall thickness at the decpest region of the flaw {6] The residual
stresses were measured in a sample volume of 0.3 mm x 0.3 mm x

2 mm.
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a) Plan view of In-service flaw
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c) Cross-Section of deepest portion of flaw
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Figure 1:



The through-wall residual hoop stress profile under the flaw was
compressive immediately under the flaw on the mnside surface,
becomung tensile at a depth of about 1 mm, then tending towards zero
at the outside surface (Figure 2) The max:mum measured hoop stress
was 74 MPa, which was sigmificantly lower than the conservative
estimate of 400 MPa. However, the measured value of 74 MPa would
be expected 1o be somewhat lower than the as fanncated value due to
relaxation from s time at operating temperature.  Thus was a
sigmficant result, jsofar as establishing the magnitude of the residual
sresses associated with the formation of thus type of flaw.
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2 H . ? t Tensile stress
P T T
H ‘s b ¥ Compressive stress
wl ety
H
- + €~ Maunmum Flaw
Depth
e
L] 2] . 1~ te R Ll as
Dptin (vl

Figure 2: Through-wall residual stress profile in the vicinity
of the deepest portion of the flaw.

Measurement of the Hydrogen Concentration

Small peliets were obtamed from the pressure fube matenal, and
subsequendy analysed for ther hydrogen and deutenum
concentrations [7] The awal profile of the hydrogen equivalent
concentration 1s presented i Figure 3, and shows the steep
concentration gradient typical for the inlet region of a pressure tube.
At the deepest region of the flaw, the hydrogen equivalent
concentration was determuned to be 38 ppm.  This value &id not
exceed the TSS limut at the mlet operanng temperature of 267°C, so
hydnde accumulanon through ratcheting 1s not expected to occur

The lack of any hydnde accumulaton was confirmed 1w a
metallographic cross-section through the deepest regions of the flaw
(Figure 4a), which showed no evidence of hydnde accumulation at
the flaw nip A companson with a previous laboratory test spectmens
(Figure 4b) sllustrates the appcarance of the accumulation of hydrides
at a flaw tip
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Figure 3: Hydrogen equivalent concentration, both
adjacent to the flaw at 6 o°clock and at 180 degrees from
the flaw at 12 o’clock.
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Figure 4: Metallographic cross-section of flaw
a)Through In-service flaw, without any
evidence of hydride accumulation, near
maximum flaw depth location
b)Through flaw from a laboratory test
specimen with clear evidence of hydride
accumulation at the flaw tip,
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SONCLUSIONS

\ flaw was discovered during a routine inspection of a fuel channel in
1 pressure tube.  Conservative assessments of the flaw indicated the
Jaw was not detrimental to the safety of the reactor for the specified
sperating period. Before the end of the assessment period, the
wessure tube containing the flaw was removed from service and
Iestructively cauminad. ‘This allowed direct measurement of varlous
sarametess, which were then compared to the values estimated for the
issessment, In general, the assessment parameters were conservative
ind the flaw was not detrimental to the safety of the reactor.
vieasurements of the various parameters can be used to develop more
cpresentative estimates of the bounding conditions in assessing
similar types of flaws in future assessments,
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ABSTRACT

To evaluate crack initiation from small radius flaws in Zr-2.5Nb
pressure tubes in operating CANDU™ reactors, a sumber of crack
initation tests under both monotonic and cychic loading in notched
tension specimens have been carried out at ambient temperature. Test
specimens were machined with the teasile axis panllel to the
circumferential or transverse direction in both as-fabricated and ex-
service pressure tube materials. The test specimens were first pre-
conditioned by subjecting them to a notch-tip creep stress relaxation
cycle, and a subsequent hydride formation cycle whereby notch-tip
hydndes are produced. Some specimens with no notch-tip hydride
were also tested. Test specimens were instrumented with acoustic
emission (AE) and DC potential drop (PD) monitoring systems for
detection of crack initiation and growth. Test results indicated the
following trends: (a) the existence of notch-tip hydride lowers the
crack initiation stress, with the hydride effect being much stronger
under monotonic loading than under cyclic loading; (b) the greater the
hydrogen concentration, the lower the notch-tip hydride crack
Inltiation stress under monotonic loading; (c) for 2 given alternating
elastic peak stress, the smaller the root radius the greater the
resistance to crack initiation, (d) as expected, the number of cycles to
crack initiaton is a strong function of the altemnating eclastc peak
stress, fur a given specimen geometry. Ao analysis of the test results
and their jmpact on flaw evaluation methodology for Zr-2.5Nb
pressure tubes is described.

! CANada Deuferium Uranium

Toronto, Ontario
M8Z 6C4, Canada

INTRODUCTION

The CANDU (CANada Deutenium Uranium) power reactor is a
pressurized heavy water reactor that uses natural uranium dioxide
fuel. Depending on the particular design, the reactor core consists of
a lattice of 380, 390 or 480 horizontal pressure tubes which are
fabacated from a cold worked and stress-relieved Zr-2.5Nb alloy.
These pressure tubes contain fuel bundles. The pressure tubes are
approximately 6 m long with a 103 mm inside diameter and a 4 mm
wall thickness. These tubes are susceptible to a phenomenon known
as Delayed Hydride Cracking (DHC). The highly textured material is
susceptible to DHC when there is diffusion of hydrogen atoms to a
service-induced flaw under a stress gradient, precipitation of hydride
platelets on favourable habit planes in the zirconium alloy matrix
material, and development of a hydrided region at the flaw tip. The
hydrided region can fracture under a sufficient stress to the extent that
a crack forms and DHC is said to have initiated. This crack can then
grow by the DHC mechanism. The process of DHC is described by
Dutton ef al {1] and by Cheadle et al [2). Hydrogen is present in the
manufactured pressure tube as an fmpurdty element, while during
operation, pressure tubes can absorb a fraction of the deuterium
generated from the corrosion reaction of zirconium with the heavy
water coolant, thus increasing the equivalent hydrogen concentration
(Hey = H + Y2 D) in the tbe with ume.

The types of service-induced flaws found during in-service
inspection of Zr-2.5Nb alloy pressure tubes include fuel bundle
scratches, erevice corrosion marks, fucl bundle bearing pad frctung
flaws and debris fretting flaws. To date, experience with fretting
flaws has been favourable, and crack growth from an in-service
fretting flaw has not been detected. The fretting flaws are evaluated
for crack initiation by DHC and fatigue. It has to be demonstrated



that crack mmittation of the flaw tip hydnded region will not occur by
an overdoad or a fatigue mechanism  Overload 1s defined as Joading
of the hydnded region above the hydnde formation stress

The cumrent test program was undertaken with the objectivz of
providing an expenmental databas= for very small radius {(VSR) flaws
to evaluate fatgue imbation and overlozd on a faw tip hydrided
region. A review of the exisung fatigue data [3] for Zr-2.5Nb
pressure tube matenal indicated that only very blunt (root radn of
012 mm and 0.50 mm) flaws with low hydrogen concentrations
(about 12 wt. ppm) have been investigated tc date. Therefore, the test
program was planned to supply information suitable for use in the
analysis of in-service produced flaws in operating pressure tubes that
reflects our current understandirg of flaw geometry, including very
small radii, and the effects of cyclic loading and overloads on flaws
with notch-tip hydndes. Consequently, the test program was
designed to obtain the following information

(a) behaviour of flaws 1n pressure tube matenal with bulk equivalent
hydrogen concentrations 1n the mamn body of tube of up to 45
pPpim;

(b) new crack imtiation data due to overloads and cyclic loading for
VSR flaws,

{c) the effects of hydrogen conceatration, creep relaxation and
hydnde formation lustory, including load reduction, on the
formation and morphology of notch-tip hydrides

EXPERIMENTAL

Material

Two typss of Zr-2 SNh pressurs tube materal were used to
machine test specimens in the present study Matenal from an as-
fabricated production-grade Zr-2.5Nb pressure tube was used for the
unirradiated speamens  Marenal from an =x-service pressure tube
with a fast neutron fluence of 0.58 x 10% a/p? (B > 1 MeV) was used
to machine the pre-irradiated specimens.  The available matenals
properties data for these two pressure tubes are listed 1n Table ] [4.5)

Table 1: Summary of Materials Properties Data
for Unirradiated and Pre-irradiated
Pressure Tube Materials

Materials Property Unirradiated | Pre-irradiated
Material Material

Q2% Yicld Strength (RT) 785 MPa 1043 MPa

Ultimate Tensile Strength (RT) 805 MPa N/A®

0 2% Yield Surength (250°C) 559 MPa 791 MPa

Ulumate Tensile Strength (250°C) | 609 MPa 798 MPa

* N/A - Not Available

Test Facilitles

Monotonic and cyclic tests were conducted on umiradiated
pressure tube matenal using a standard MTS servohydraulic Matenals
Test System  This system consists of a MTS 250 kN capacity series
810 load frame with a MTS model 442 control package A 25 kN
capacity load cell calibrated over all four ranges (10%, 20%, S0% and
100%) was used for monitonng specimen loading Calibrated type-K

thermocouples were used for ambient and specimen temperature
momtonng.  The data acquisttion system consists of 2 HP mode]
3852A capable of monmitoning and recording nucrovolt signals from
the DC potential drop (PD) leads, millivelt signals from the type.K
thermocouples and voltage signa's from the 25 kN load cell  The
crack 1mitration and growth mn the notched specimens was monitored
by a DC PD technique An acoustic emussion (AE) momtonng
system was added to complement the PD monitoring system,
especially for the monotonic loading tests.

Monotonic and cyclic tests were conducted on pre-trradiated
pressure tube matenal using two MTS servohydraulic Matenals Test
Systems set up in two hot cells at Chalk River Laboratones. Each
system 1s equipped with a 20 kN load cell with a cahbrated 10 kN
load cell cartndge for tension and compression. The load cycle
pattern 15 gencrated by a program through a model 458 20 Micro
Profiler An IBM PC with a Data Translation data acquisition board
stores data from channels carrying potential drop and reference
potential drop signals, load, stroke, time, data point number and cycle
number dunng a given test. Calibrated type-K thermocouples are
used for ambtent and specimen temperature monitonng. The data 1s
collected through the MTS Testlink system.

Specimen Preparation

The specimen design chosen for the present study is a transverse
‘dogbone’ design, as shown in Figure 1. Specimen blanks were
prepared from a chord section of a pressure tube. For unurradiated
pressure tube matenal, the specimen blanks were fabricated from a
tube section using an electrical discharge machining (EDM) method,
For pre-uradiated matenal, the specimen blanks were machined
sndividually using a milling machine set up 1n a hot cell.

To simulate the equivalent hydrogen concentration 1n a pressure
tube that had been subjected to many years of service, appropriate
lengths of the unirradiated and the pre-iradiated pressure tubes were
hydnded to a target hydrogen concentration of 45+3 ppm, using an
electrolytic hydriding techmique

The 45° V-notches or flaws, 0400 and 0 800 mm deep with a
root radus of 10, 15 and 100 um, were machined on the ID side of
the specimen blanks, 2 shown in Figure 1. This preciston machining
was camed out using a mucro-broaching procedure developed at
Kinectrics.

Test Procedures

Notgh-tip Hydnde Pre-conditioning, Pror to testing, the

test spectmens were subjected to a specified pre-conditioning
procedure  This test speaification required subjecting the specimens
to a creep hold for 24 h at 300°C at a specified nominal stress
corresponding to a specified stress intensity factor (K), assumng the
notch to be a sharp crack.  This was followed by a cooling cycle
which sunulated a specific reactor shut down cooling cycle.

To obtain the required hydrogen concentrabon in solution
speaified for the test specimens, the pre-conditioning cycle illustrated
n Figure 2 combined creep-relaxation and hydnde formation cycles
All the hydrogen (nomunal 45 ppm) in the specimens are dissolved



dunng the creep cycle at 300°C and thea are re-precipitated under
reduced loading during the cooling cycle. In cases where the
specified hydrogen concentration in solution was lower than 45 ppm,
the specimens were first subjected o a creep relaxation cycle at
300°C for 24 h at a nominal stress of 98, 101 or 162 MPa, depending
on the particular specimen geometry. Then they were cooled under 2
relatively low nominal siress of about 10 MPa to ambient
temperature. Next, the specimens were heated under full load to a
specified re-solution temperature (261°C for 35 ppm and 266°C for
37 ppm) for 2 h and then cooled to precipitate notch-tip hydrides
under reduced Joading following the specified cooling cycle in terms
of cooling rate.

In the experimental setup for unirradiated specimen pre-
conditioning, three (3) specimens were loaded in series in a “daisy-
chain® to Increase the mate of specimen preparation prior 1o lesting.
‘The pre-irradiated specimens were thermal cycled individually [6]).
After thermal cycling, each pre-irradiated specimen was lightly
polished and etched on edge and metallographically examined for
notch-tip hydride,

For the 100 pm root radius specimens, the above-mentioned
hydride reorientation cycle was modified by adding one to two repeat
cycles to increase notch-tip hydride precipitation in these blunter
flaws

Monotonie _Loading Tests, For monctonic testing of
unirradisted material, the test specimen was instrumented with AE,
notch PD and reference PD (RPD) monitoring probes, as shown in
Figure 3. The data acquisition system was initiated just pnor to
turning on the DC power supply for the current leads. The specimen
and load train assembly was allowed to stabilize for 15-20 minutes
prior to testing. The test specimen was then subjected to constant
actuator ram displacement rate while monitoring the load cell signal,
the DC potential drop signals, the AE signal and the specimen
temperature at discrete time increments. The specimen was quickly
unloaded when a suitable size jump in the AE signal was observed.
The appropriate size of this jump in the AE signal was determined in
some preliminary tests where the AE systein sensitivity was
optimized for the specific experimental sctup being used.  For
monotonic testing of pre-irradiated specimens, a similar procedure to
the above was modified appropristely for use in the hot cell
environment. Pin-loading was also used for pre-irradiated specimens
[6).

Cyclic Loading_TYests, For cyclic testing of unirradiated
material, the test specimen was also instrumented with AE, PD and
RPD monitoring probes. Cyclic testing was performed under a load-
control mode. ‘The data acquisition system was initiated just prior to
turming on the DC power supply for the current leads. The specimen
and load train assembly was then allowed to stabilize for 15-20
minutes prior to testing. The function gencrator was initiated and the
specified upper and lower load limits were achieved by manually
adjusting the set point and span for the load channel. This operation
was usually accomplished in a time frame of 20 to 30 seconds. For
cyclic testing of pre-irradiated specimens, a similar procedure to the
above was modified accordingly for use in the hot cell environmeat.

RESULTS AND DISCUSSION

Notch-tip Hydride Pre-conditionina

The pre-conditioning cycles described earlier were effective in
producing notch-ip hydrides. Examples of notch-tip hydrides
observed in unirradiated 15 pm and 100 pm root radius specimens are
shown in Figures 4 and 5, respectively. Similar observations were
made in the pre-irradiated specimens, with the exception that the
notch-tip hydrides tended to be longer. Also, more than one hydride
straight below and inchned at an angle to the notch front was
observed.: It should also be noted here that the notch-tip hydrides
were sub-surface, with a few exceptions in the pre-irradiated
speamens where the hydndes were much closer to the notch. This
formation of sub-surface hydsides was the result of stress relaxation
during the 24 hour creep cycle at 300°C, and the 20% unloading
during hydnde formation at about 250°C.

Examination of a number of unirradiated specimens following
either monotonic or cyclic testing indicated that there is a significant
specimen-to-specimen variability in the notch-tip hydrides. This is
evident in the size, morphology and distribution of the notch-tip
hydrides along the notch front, especially in the 15 pm root radws
unirradiated specimens with a hydrogen concentration in solution of
37 ppm. The specimen-to-specimen variability observed in the notch-
tip hydndes, likely resulted from a number of factors, which include
the following:

(a) the alignment of the particular specimen within the daisy-chain
Joad train assembly;

. (b) small variability in the pominal dimensions of the three

specimens in a given daisy-chain of three specimens;

(c) the inherent variability -in the notch-tip hydnde formation
process which is a complex process involving diffusion of
hydrogen to the notch tip, and the nucleation and growth of
hydride platelets at the notch tip;

(d) the variability in the microstructure within a given pressure tube
material;

(¢) possible vanations in the hydrogen concentration from specimen
to specimen.

As will be presented later, the size, morphology and location of
the notch-tip hydrides along the notch front have a great influence on
the magnitude of the monotonic loads needed to crack these sub-

surface hydndes.

Monotonic Loading Tests

Figure 6 presents a representative vasiation of the AE signal and
the nominal stress on the specimen with test time for an unirradiated
specimen under constant ram displacement Joading. The AE signal
clearly shows a significant jump at some stage during the monotonic
loading. For the unirradiated matenal monotonic loading tests, the
determination of the nominal notch-tip hydride erack initiation stress
was based on an AE jump critenon, such as that presented in Figure
6. This significant burst or jump in the AE emission results from the
cracking of the sub-surface notch-tip hydrides. In the majonty of the
cases examined, this indication of notch-tip hydride cracking was
confirmed by metallographic or fractographic examination of the
specimen notch-tip region.



A similar behaviour was observed wath the pre-irradiated
specimens under monotonic loading. However, for the pre-uradiated
specrmens, the notch-up hydnde crack initiation stress was based on a
cntenon involving a combination of AE activity and notck PD
voltage increase  For the pre-uradiated specimens, the notch-tip
hydride crack mitiation stress was determined from both stnp-chart
and computer recorded data using a 2 UV increuse 1 PD cntenon [€)
This method gave a more conservative value of crack imtiation stress
compared to that from the jump 12 AE signal which usually occurred
after the 2 pY increase in PD was reached  AlsO, the AE signal was
not fully reltable because of noise and spurious indications

The mucrograph in Figure 7 shows the preseace of some
thumbnasl-shaped cracked notch-tip hydnides on the fracture surface
of an unirradiated spcaimen fol:owing monotonic loading These
thumbnail cracks have been marked by loading the specamen to a
nomunal stress of about 40 MPa and heat unting for about 12 h at
300°C. In this particular case, the nomural stress causing the notch-
tp hydndes to crack, indicated by a significant jump in the AE signal,
1s 186 MPa. The monotonuc loading was terminated at a maximum
norunal stress of 189 MPa,

The results obtamned from the monotonuc tests of uniradiated
and pre-irradiated specimens are summarized 1n Table 2. The datan
Table 2 show that, compared to the pre-irraciated matenal, there is a
considerable variability i the notch-tip hydnde crack titiation stress
for the unirradiated specimens, especislly the 15 um root radius
specimens with a hydrogen concentration in solution of 37 ppm. This
significant vanability 1s attnbuted manly to the vanability in the
notch-tip hydnde formation obscrved an the individual cpecimens It
should also be noted here that the observed notch-tip hydnde crack
initiabion stresses are significantly higher than the hydnde formation
stress of 78 and 80 MPa for the 15 and 100 um root radius specimens,
respectively, and 120 MPa for the 10 pm root radius specimens.

Table 2: Summary of Monotonic Notch-tip
Hydride Crack Initiatlon Stress

Material No. (HI* Natch Noich Nominal
Type of (ppm) | Depth | Root Notch-tbp
Tests (mm) Radius | Hydride
{s2m) Crack
Initiation
Stress
(MPa)
Unurmdaiated 2 45 0 BO0 15 105 - 161
Uniradiated 12 37 0800 15 177395
Unimdiated [ 45 0 B0 100 436459
Unimadiated 3 37 0 800 100 436-495
Pre-rrndiated 3 3?7 0400 10 149180
Pro-umradiated 3 37 0 800 15 116-127

* [H] - nomunal hydrogen concentration 1n solution

Three-dimensional finte element stress analyses of the dogbone
specimen design were performed for the three notch geometnes
investigated under the pin Joading condibons used in the present
monotorse and cyclic tests {7]  The analysis showed that for a

nornunal stress of 100 MPa, the elastic notch-tip peak stress in the 10,
15 and 100 tm root radius specimens were 1760, 2405 and 588 MPa,
respectively.  Therefore, for the above-mentioned notch geometries,
the elastic notch-tip peak stress, G, for 2 given nominal stress, o, is
given by the linear refaneonships.

Opto =1760{c,/100] (MPa) ()
Op1s = 2405[0,/100] (MPa) 2,
Opim = 988[0/100] (MPa} 3)

Similarly, the aliemating elastic von Mises peak stress, Ag,’, i1s given
by the relationship

A0, = 04360, msx - Opmial (MP2) “)

where, the factor 0436 was derived from the expression
05[1 — v + v, v 15 the Potsson’s ratio for the Zr-2.5Nb pressure
tube metenal and is taken to be 04 1n the above calculation, and
Cp.max A1 Oy mye &r¢ the maximurn and mimumum elastic peak stresses
1n the faigue cycle.

The above equations were used to convert the nomunal stresses
1nto peak or alternating elastic von Mises stresses for the three types
of specimens examined

Cyclic Loading Tests

Figure 8 presents a representative vanaton of the AE, PD and
RPD voltage signals 1n a cyclic Joading test carned out under a load-
contrel mode. In the majonty of the cases, the AE signal did not
extubit any large jumps like those observed in the monotonic tests
With continued cyclic loading, the notch PD signal showed a very
gradurl nse A similar behaviour was observed with the pre-
radiated specimens

The mucrograph 1 Figure 9 shows the presence of a faugue
crack which has been marked by heat tintung an umimradiated 15 pum
root radius specimen using the same procedure as that descnbed
cardies for the monotonic loaded specimen. In this particular case, the
maximum nomunal stress causing the crack initiaton and growth at
the notch tip dunng the 4500 cycles of testing was 112 3 MPa.

A summary of all the cychc results obtained from both
unirradiated and pre-1radiated specimens, together with previous data
reported by Hosbons and Wotton [3), 15 presented 1n Figure 10 1n the
Figure 10 legend, the number tn parenthesis following each specimen
type 1s the root radius of the notch 1n the specimen in mm.

From previous expenence on fatigue testing of specimens with
the present dogbone design [8], 1t was found that the notch PD signal
could be used for monitoring crack tmtiation and growth. It was
observed that the notch PD signal was at an approximate stcady-state
condition after the DC constant current power supply was turned on
for about 10-12 munutes. In view of this observation, a staustical



analysis of the PD signal during this near steady-state penod was
camed out. The results obtained indicated that the PD and RPD
signals were generally within 20.5 pV of the mean value for each [8].
For an applied constant current of 2 amperes, the notch PD signal was
generally in the range of 400-500 KV, depending on the particular
spacing of the PD Jeads on the specimen. Subsequently, it was found
that by subtracting this mean value from the measured PD signal,
starting from the time immediately preceding the first cycle, the
reprocessed delta potential drop (DPD) signal can be examined in
pgreater clarity.

In the present analysis, by performing a series of cyclic tests and
subsequent fractographic and/or metaliographic examinations, it was
observed that crack initiation occurred after a DPD increase of about
2 pV. On the basis of the above observations, a2 DPD value of 2 uV
was selected as the criterion for crack injtistion under cyclic loading
conditions.

To eliminate any bias and variability in the analysis of the DPD
data, the DFD data was fitted using a second order polynomial
unlizing the Trend Line function available in Microsoft Excel. The
fied quadratic equation was solved analytically to obtain the two
roots. In most cases, it became obvious which root corresponds to the
2 |V DPD cnterion for crack imnation. In some pre-uradiated
material tests, the curve fitting was improved by applying it to a
limited section of the DPD versus cycle (or load) plot (around the
DPD of 2 uV) rather than to the whole range of data.

Detailed analysis of the present cyclic data indicated the
following trends:

(a) for a given alternaring elastic peak siress, notches with smaller,
sharper root radu have a greater resistance to crack initiation
than the blunter notches, indicating that there is a significant root
radius effect on crack jmtiation;

() there appears to be an adverse effect of imadiation un the crack
initiation behaviour, however, this observation is based on a very
small data set for the pre-iraciated specimens where the range in
the cycles to crack initiation was very large;

(c) as expected, the number of cycles to crack intiation 1s a strong
function of the alternating elastic von Mises peak stress for a
given specimen geometry;

(d) bated on a limited number of tests carmed out on unirradiated
specimens without notch-tip hydrides, the presence of sub-
surface notch-tip hydrides does not seem to have a large effect
on the crack initiation behaviour in this material in the
unirradiated condition;

(e) the specimen-to-specimen variability in the cycles to crack
initiation in the unirradiated material generally seems to be
consistent, with the range in cycles to crack initiation lying
within a factor of about 4 for a given zltemnating clastic von
Mises peak stress.

GENERAL DISCUSSION

Factors Affecting the Formation of Hydrided Regions_at

Flaw Tios .
Results obtained from the present study indicate that the

formation of zirconium hydrides at the flaw tips is influenced by such

1P e T F

factors as, the hydrogen concentration in solution in the Zircomum
alloy matrix, the depth and root radius of the flaw, and the
temperature and stress history of the flaw. This complex set of
vanables affecting the formation of notch-tip hydrides has resulted in
producing a large variability in the size, morphology and distnbution
of sub-surface notch-tip hydrides in the present dogbone specimens.

[<] i inltia t
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The effect of flaw tip root radius on crack initiation under cyclic
loading condstions is illustrated by the data presented in Figure 1.
This plot shows clearly that under the same alternating elastic von
Mises peak stress, the 100 pm root radius specimens are more
susceptible to crack initiation than the 15 pm root radius specimens.
This observation is consistent with cbservations on the effect of flaw
root radius in DHC experiments under constant loading conditions
reported by Lee and Sagat [5]. This observation is also consistent
with the process-zone model [9,10,11], which predicts that the
threshold peak flaw-tip stress for DHC initiation depends on (14p),
where p is the root radius of the flaw.

ect ot Notch-Tip Hydrideg on Crack Initiation at Flaw

s under i adi ditions

The effect of notch-tp hydndes on crack initiation in
unirradiated material under cyclic loading conditions is illustrated by
the data presented in Figure 12. Tlus plot shows that the cycles to
crack initiation in speaimens containing no notch-tip hydrides is
within the range of values observed for specimens containing notch-
tip bydrides. Although the amount of data from the non notch-up
hydride specimens Is rather limited, the resubis 1o dare indicate that

_the role played by the notch-tp hydride on crack initiation is nunimal.

This observation s consistent with the fact that for the specimens
tested o date; the notch-tip hydrides are sub-surface and exist as
discretd’ thumbnail-shaped hydrided regions distributed along the
notch front. In addition, the clastic von Mises peak stresses used in
the fatigoe tests are well below the notch-tip bydride fracture stress
measured under monotonic loading conditions. However, this
observation of no discernible effect of notch-tip hydrides on crack
initiathon behaviour in unirradiated material needs to be confirmed by
additional tests.

Examination of the very limited data presented by Hosbons and
Wotton (3] showed that, in the case of pre-irradiated material, the
presence of notch-tp hydrides may lower the crack initiation
resistance. However, because the number of data points is very
Limited, the Jower cycles observed for the specimens contamng
notch-tip hydrides may in fact be within the range of values for non
notch-tip hydride specimens, if more tests of the two types of
specimens were to be carried out.

k Initlation at Flaw. der

Effect of Irradiation on C
Cyelic Loading Conditions
The effect of irradiation on crack initiation under cyclic loading
conditions is illustrated by the data presented in Figure 13. Tlus plot
shows that, except at the Jowest altemating stress level examined, the
range in cycles to initiation 1n the pre-irradiated pressure matenal, for
the 15 pm root radius specimens, overlaps the two separate ranges of



values observed for the 15 and 100 pm root radwus unirradiated
specimens at alternating elastic von Mises peak stresses of about 680
and 840 MPa. Ttus large range in the cycles to anittation in the pre-
wradiated specimens makes 1t very difficult to make a more
quanhtabive determination of the effect of imadiation on crack
imuiation behaviour in the small root radius specimens  The only
clear observation from the data 1s that some of the pre-iradiated data
points lie al the low end in the range of values determined
expenmentally In view of this observation, it 1s apparent that more
tests of pre-trradiated matenal necd to be carried out to determine 1f
there 1s an cffect of irradiation on crack initiahon behaviour.

Implementstion of the Monotonlg and Cyelic Test Resulls
on Flaw Evaluation Methodology for Zr-2.5Nb Pressure

Tubes

Inspection results from vanous CANDU units have indicated
that debns fretung flaws in some operating Zr-2.5Nb pressure tuces
have a wide range of root radn  In addition. as the pressure tubes age
equivalent hydrogen coocentrations are alsoe Increasing. in
recognition of these 1ssues, an improved methodology 15 required to
assess these flaws in terms of fatigue. Work 1s underway to fit the
present fatigue crack initation data to develop en engineenng fatigue
evaluation curve for flaws with hydndes The engineering fatigue
evaluation curve may be implemented into a methodology to assess
fatigue 1utiation from in-service flaws 1 the proposed CSA Standard
N285 8 [12] for pressure tube fitness for service

CONCLUSIONS
Based on the monotonic and cyclic loading tests carned out in
the present study, the following conclusions can be stated.

(1) The specified test specimen pre-conditioming procedurs was
effective 1n producing notch-tip hydndes, although a significant
specimen-to-specimen vainability in the morphology, size and
distnbution along the notch front, of the rotch-tip hydndes was
observed

(2) A large vanability was observed in the notch-tip hydnde crack
initiation stress under monotonsc loading in  uniradiated
specimens, especially those with a hydrogen concentration n
solution of 37 ppm. This large vanability can be attnbuted to the
large vanability in the notch-up hydride formation process in
these specimens.

(3} Even though the number of monctonic loading data for pre-
iradiated matenal is Limited, the scatter in pre-iradiated
matenal data 1s much less than that in unirradiated matenal data,
Also, the average crack initiation stress under monotorc loading
for pre-uradiated matenal s generally less than that for
unurradiated matenal.

(4) For the same alternating elastic peak stress, notches with small
root radii have a greater resistance to crack imtiation than blunter
notches, indicating that there 1& 2 sigmificant root radius effect on
crack wnitiation  This observauon 1s consistent with results on
DHC crack iniauon behaviour under constant loading
conditions and 1s also consistent with a process-zone model.

(5) Based on hmuted data available on unirradiated specimens
cotamning no notch-1p hydndes, the effect of notch-up hydndes
on crack 1mnation behaviour under the cyclic loading conditions
examned in the present study appears to be non-discermible.

(6) Ilmradiation appears to lower the crack initiatton resistance under
cyclic loading  However, the Iimited data available extubits a
large vanability and addinonal tests need to be conducted 1o
determine the effect of irradiation on crack 1mbation behavious
more precisely.

(7) The monotonic and cyclic data obtained from this study can be
used to develop an engineering fatigue evaluation curve that is
suutable for analys:s of crack irutiation 1 service-induced flaws
1n CANDU reactor pressure tubes
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Crack initiation criterion at notches in Zr-2.5Nb alloys
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Abstract

This work investigates the expenmental conditions necessary for imtation of delayed hydnde cracking in Zr-2.5Nb
alloys The experiments were performed on 240 notched cantiliver beam specimens Joaded in pure bending to a wide
range of stresses The test temperature was 250 *C with weekly cycles between 60 and 295 *C. The results arcinterpreted
in the light of a recently proposed fracture criterion for hydndes at cracks and notch tips. This criterion is based on the
premise that crack initiation occurs if the local tensile stress at the hydnde exceeds that for hydride fracture. The local
stress at the hydride is expressed as the sum of the peak stress at the notch and the stress in the hydride arising from the
hydnde formaton process. The fracture stress of the hydride is obtained experimentally. An approximate analytical
method, based on a modified Neuber's rule, was used to calculate the plastic zone size needed to estimate the peak stress
at the notch. These approximate calculations show that the threshold notch tip stress for cracking is between 675 and

750 MPa

1. Introduction

Zirconium alloys are largely used in the nuclear
industry because of their low neutron capture cross-
section and excellent corrosion and mechanical prop-
erties. The solubility of hydrogen decreases rapidly
with decreasing temperature, and the excess hydrogen
precipitates as a zirconium hydride phase. The hydride
phase is brittle, and consequently under some condi-
tions has a deleterious effect on mechanical properties,
such as fracture toughness and ductility, particularly at
temperatures below 150°C. Zirconium alloy com-
ponents can also fail by a time dependent process
called delayed hydride cracking (DHC) which does not
require a large amount of hydrides present in the bulk
to be effective. It is this process that is responsible for
crack initiation and propagation in zirconium alloy
components [1). Over the years significant advances 1n
the understanding of DHC in zirconium alloys have
been made. The process consists of the following steps
[2):

(a) diffusion of hydrogen to a high tensile stress

region, usually the tip of a flaw;

{b) nucleation and growth of hydrides in this region;

(e) fracture of the hydnde;

{d) repetition of the above events which leads to

crack growth.

0921-5093/94/57 00
SSDI0921-5093{93}02519-9

Of these steps, the diffusion of hydrogen and the
repeated propagation process have been studied the
most and are consequently fairly well understood
[3-5]. The crack initiation step is the most important
part of the DHC process but it is still the least under-
stood. Since most flaws in real components are blunt
and shallow, the concept of the stress intensity factor,
defined by the linear elastic fracture mechanics, cannot
be used. An experimental programme was set up to
study crack initiation from blunt flaws and to deter-
mine criteria for crack initiation from such flaws.

2. Experimental details

A section of Zr-2 5Nb pressure tube, designated
G1175, with a 103.4 mm inside diameter and 2a4.1 mm
wall thickness, was used for specimen preparation. The
tube had an initial hydrogen concentration of
0.11 at.%. Deuterium was added gaseously to this sec-
tion at 400 °C followed by a homogenizing treatment at
400°C for 3 days. Hydrogen-deuterium analys:s using
a vacuum extraction method gave the total hydrogen
isotope concentration of 1.2+ 0.18 at.%.

240 cantilever beam specimens, with different notch
depths and root radii, were machined from this tube,
Fig 1. A test matrix was designed to include a suf-

© 1994 - Elsevier Sequota All erghis reserved
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fictent range of nuterfibre stresses ((OFS) <o that faillure
rates from zero to 100% were covered, Table 1 Since
crack mmiation 15 a highly vanable process, ten speci-
mens for each test condition were used to obtain better
stausuics of the results Strict quality control was imple-
mented to ensure that the variability in specimen
dimensions, m each group of ten, was mimmal It was
the intention 1 this work to study the crack imtiation
process strictly as a function of the notch geometry and
the applied stress and to keep other variables constant
The high hydrogen concentration in the specimens
ensured that there was always sufficient hydrogen
available for cracking

PRESSLRE TUBE
- 32 m

Fig 1 Dimensions of cannleser beam specimers prepared from
Zr-2 5Nb pressure tubes

TABLE 1 Expenmental parameters
Ceonstant root radius, notch root radius 3 05 mm

[ Crack tnutanon in /-2 SNb

The cperimens were Inaded i puse hending iraing a
set of grips of which one was fixed and the other was
used to hang a dead weight calculated according the
required QFS, Fig 2 The specimens were loaded mto
six large furnaces each holding up 10 40 specimens
The specimens were tested at 250 °C with weekly tem-
perature cycles between 60 and 295°C, Fig 3 The
spectmens were temperature cycled to achieve the
opuimum conditions for crack tmitiation It was shown
previously [4, 6] that temperature cychng, and
approaching the test temperature by cooling, enhanced
DHC because of the hysteresis 1 the terminal sohd
solubility {TSS} of hydrogen in zircomum alloys {7]
The fact that the reactors are subjected to temperature
cychng during operation and shut-downs added
another incentive for studying the crack mtiation
under temperature cycling conditions

A ladure detection system based on  electrical
studies indicated falures and at the same time started a
umer that was then used to determine the exact time
of faslure The tume to fallure consisted of the incuba-
tton time (the time from the beginning of the test until
cracking started) and the ume to grow the nitiated
crack to faillure

Experiments were also performed on a test appara-
tus equipped with acoustic emission to detect cracking
The method using the acoustic emission for momtortng
hydnde cracking has been descubed clsewhere (8] In
this expenment, a notched specimen was temperature
cycled under load and the acoustic emsssion was used

Number of Notch QOFS (MPa}
specimens depth

{mm) 100 150 185 200 300 300 500
20 10 o/6 1 10f121
50 a8 10/52 10/7 8 10/96 10/104 10/156
40 04 10/35 10/70 1010 4 10/139
40 02 10/4 8 107 2 10497 104121
40 01 10/34 10451 10/6 8 10/8 5
30 0us 10/36 10748 10/6 0
Different root radius notch depth 1 mm
Number of specimens Root radius OFS =250 MPa

(mm)

10 vos 10015
10 018 10/15
[} 03 10/15
10 (1 64 10/15

Entnies are given as number of speamens K, (MPa m! °}
OFS outer fibre stress
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to detect when, during the temperature cycle, the
cracking started

3. Peak stress concept

Notches in specimens used in this work ranged from
sharp (005 mm root radius) to blunt 064 mm).

Characterization of the stress state at notches requires

a different treatment than that at sharp cracks. Using
the stress intensity factor K, for notches would over-
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estimate the stress, particularly on shallow notches with
large root radi. Conversely, using the applied far-field
stress would underestimate the stress level. In this
paper we propose to use the peak stress ahead of the
notch to characterize the stress state. Figure 4 shows
schematically the geometry of a shallow notch with a
hydride having a thickness fand alength L. A far-field

" tensile stress o* is applied in the y direction. If the

depth of the notch ¢ is small compared with the depth
of the specimen in the x direction, the stress ahead of
the notch can be obtained from the theory of linear
elasticity [9]. The maximum elastic tensile stress o5**

*‘occurs at the tip of the crack (r=0, 8=0) and is given

by the expression

P
“‘[“2(;)] (m

where the critical applied stress g* is limited by the
yield stress o,

a_ 0,
T @

Local yielding around the notch tip will occur when the
far-field applied stress o* is higher than the critical
stress o2, resulting in the formation of a plastic zone
which increases in size r,, with increasing applied

.. stress. From the slip-line theory [10}, the plastic zone

size r corresponding to the maximum possible value
of the normal stress ahead of the notch is given by

rﬂ=p{exp(:r/2—w)—1) (3)

X

Fig 4 Schematic diagram depicting notch and notch-tip hydride
geometries, and the direction of apphied stress
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where w is the flank angle of the notch. When r,, <z,
the maximum normal stress ojy* 1s given by (Fig. 5(a))

0;';"=0,[1 +ln(1+%’” (rp‘<rﬁ) (4)

When r,=rs, of* reaches its maximum possible
value:

(a;n;l max _ O',(l +§— (0) (rpla )’ﬂ) (5)

which is independent of root radius. A further increase
in the apphed stress causes 7, to increase but produces
no further increase in o7*, as shown in Fig. 5(b).

To be able to determine oy, the plastic zone size 7,
has to be estimated and compared with 74, An approxi-
mate analytical method, utilizing a modified Neuber’s
rule, was used to calculate the plastic zone size needed
to estimate the maximum notch tip normal stress [11].
After the plastic zone size was calculated, egns. {4) and
(5) were used to determine o}~

The objective of these experiments was to determine
the number of cycles and the time to failure as a func-
tion of the peak stress ahead of the notch. Of particular
interest 1s the peak stress below which no cracking
occurs, { e. the threshold peak stress. Also of interest is
the process of hydride development at the notch and
the conditions that cause the hydride to fracture and
thus initiate DHC.

o

O

v

(a)

O

dy

{b)
Fig 5.Stress ahead of anotch (a)far 7, <rp,(b)for 7, = r,.

S. Sagatetal. | Crack wninnon in Zr-2 SNb

4. Experimental results

The tests were performed over a period of about 4
years. Most failures occurred within 3 years from the
start of the experiment. No failures occurred during the
last year, which indicates that threshold conditions for
cracking have been approached. At the time of shut
down, 123 specimens had failed. Table 2 and Fig. 6
give the fraction of failed specimens in each group of
ten specimens as a function of the peak stress of™.
Figures 7 and 8 show the number of cycles and the
total time to falure as a function of o™, The results
show a large vanability in the times to failure and the
number of temperature cycles to failure (Table 3), con-
firming that crack initiation is a highly variable process.
With respect to the temperature profile used in these
tests, most failures occurred about 30 h after the end of
the temperature cycle, whereas very few failures
occurred during the remainder of the isothermal hold,
Fig. 9. This information shows the importance of tem-
perature cycling for DHC imtiation. These results
indicate that the crack initiated during the temperature
cycle, and grew to failure during the isothermal hold at
250°C. The threshold stress for cracking, in terms of
the peak stress o}, was found to be between 675 and
750 MPa. To find out when exactly during the tem-
perature cycle the cracking started, acoustic emission
was used in some tests. To accelerate testing, the hold
time at 250°C was shortened from 130 h to 3 h. The
results from these tests show that cracking started after
cool-down from the peak temperature to test tempera-
ture and continued growing during subsequent cool-
down, but stopped during heating, Fig. 10. The
absence of cracking on approaching the test tempera-
ture by heating was previously observed by Ambler [6).

Tests on spectmens with different notch root radii
showed that for the same notch depth and applied
stress, the number of failures decreased with increasing
root radius (Table 2).

Fractographic examination of specimens showed
that fracture of the specimens occurred in four stages,

Fig. 11:

(a) growth of the hydride to a critical length;
(b) fracture of the crack tip hydride;

(c) DHC growth;

(d) ductile fracture.

In the first two stages, the crack tip hydride that had
developed over a number of temperature cycles
reached cnitical size and fractured. The fracture of this
hydride produced a sharp crack that was susceptible to
a time dependent DHC process. The crack grew by
DHC (for about 30 h} until the remaining cross-section
of the specimen was not able to sustain the applied load
and failed by ductile fracture.
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TABLE 2 Expenmental results s

Constant root radius, notch root radus 0 05 mm

Number of Notch OFS (MPa)
specimens depth

{mm) 100 150 185 200 300 400 500
20 10 0/710 1/1026
cracks
50 08 0/674 0/836 08/935 1/974 1/1176 .
cracks cracks cracks
40 04 < 0/585 03/830 1/1028 1/1176
40 02 0/712 04/88S 038/1029 1/1150
cracks
40 01 0/623 03/767 07/895 0.7/1006
30 005 0/674 03/785 0.5/885
Dufferent root radius, notch depth | mm .
Number of specimens Root radius QFS=250 MPa
{mm)
10 00s 09/1147
10 0.18 ‘ 05/862 .
10 03 . 01/772
10 064 0/665
Entnes are given as fraction of failed specimens/o 7 {MPa ;
OFS outer fibre stress .

TABLE 3. Time and number of temperature cycles to falure for different o33 g
am Apphed stress Notchdepth - . Totaltest ume Number of temperature
(BZPa) (MPa) {mm) . {(h) ! . cycles °

767 300 ‘0.1 2100-18900 18-111 '

785 400 00s 1800-16700 16-89

830 200 04 13400-14500 80-101

885 300 02 12000-20800 59-152

885 500 005 580-16900 7-90

895 400 S0l 200-28000 3-83

935 185 08 1990-4600 12-31

974 200 : 08 421-21100 5-153
1006 500 0.1 1300-22100 10-163
1026 200 10 41-20482 2-151
1028 300 04 420-20900 5-152
1029 400 02 300-14200 4-56
1150 500 02 170-2400 2-9
1176 300 08 13-244 1-6
1176 400 04 15-520 1-5

Total test ime 1s the time at 250 °C.

Metallographic examination of specimens revealed a
local reorientation of the hydrides from the original
orientation in the radial-transverse plane, with respect
to the pressure tube orientation, into a plane normal to
the applied stress, that is the radial-axial plane. In
specimens wth shallow notches tested at high applied
stresses, the reorientation occurred in the upper half of
the specimen where the stress was tensile but the

hydnide(s) at the notch tip were predominant, Fig
12(a). In specimens with deeper notches, tested at low
applied stresses, the reorientation was more localized
around the notch, Fig. 12(b). Examination of the notch
tip hydrides at different positions through the cross-
section of the specimen revealed that the hydrides were
continuous and varied in length by about 35% For
example, a specimen with a 005 mm deep notch,
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tested at S00 MPa, had the following hydride lengths
through its width:

Position (mm) Surface 0.9 18 27
Hydride length (z2m) 185 165 120 170

The length and thickness of the notch-tip hydrides
were measured in each specimen which had not failed
during the test. The thickness of the hydride was
measured at the base of the notch where the thickness
was greatest. In cases where there was a cluster of
hydrides at the notch root, the total thickness of the
cluster and the length of the longest hydride were
measured. The results showed that the length and
thickness of the notch tip hydrides generally increased
with increasing op*, whereas the length to thickness
ratio remained constant at an average value of 6.3, Fig,
13. Further examination revealed that in some speci-
mens the notch tip hydrides were cracked (Table 2).
Since, 1n principle, the specimens with cracks could be
considered to have failed, and thus alter the value of
the threshold stress derived from the data, it was
important to find out when these cracks had occurred.
To estimate when these'cracks had occurred, the oxide
thickness on the fracture surface of the cracks was
analysed by a Fourier transfosm IR 1eflection spectro-
meter (FTIR) [12]. The analysis showed that the oxide
thicknesses on all the cracks were below the detection
limit of the instrument which is abont 02 ym To
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determine the time corresponding to an oxide thick-
ness less than or equal to 0 2 x#m, the oxidation kinetics
of Zr-2.5Nb material in dry air at 250°C with tem-
perature cycles to 295°C, was required. The oxide
thickness was measured by FTIR on the surfaces of
specimens that had failed at different times during the
test. Figure 14 shows the oxide growth kinetics in rela-
tion to the total test time, with the best fit line to the
data The results show that to grow an oxide thickness
of 0.2 pm, the total time required would be about
100 h Based an these resulis, 1t is eoncluded that the
cracks in some specimens occurred shortly before the
tests were terminated, and possibly in others during
removal from the furnaces.
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FRACTURE OF
THE CRACK TIP —
HYDRIDES

DHC FRACTURE —

TENSILE
FRACTURE

Fig 11. Fracture surface of a specimen after failure.

5. Discussion

The results can be summarized as follows. Repeated
temperature cycling of, the specimens under stress
caused hydrides to form at an increased rate at the
notch tip. After reaching a critical size, the hydrides
fractured and the resulting crack grew by DHC. The
cracking started during a temperature cycle and most
of the failures occurred shortly after the temperature
cycle. Cracking continued until the remaining cross-
sectional area of the specimen was no longer able to

- sustain the-applied stress, and failure was by ductile

fracture. After 4 years of testing, the threshold stress
for cracking, in terms of the peak stress of**, was found
to be between 675 and 750 MPa With mcreasing peak
stress, the probability of failure increased and at the
peak stresses above 1000 MPa, the failure rate
approached 100% In the following, the results are
assessed in relation to these observations.

S.1. Threshold stress for DHC

The threshold stress is by definition the minimum
stress required for the initiation of DHC. A traditiona)
approach to determine the threshold stress experi-
mentally has involved loading a number of specimens
to different stresses and, after a period of time, deter-
mining the stress below which no cracking has
occurred This method immediately identifies the time
as an important factor in determining the threshold
stress value. The longer the time, the smaller will be the
threshold value until the true threshold stress is
attained, Figs. 7 and 8. In the absence of a theoretical
treatment of the threshold stress, it is difficult to judge
when the true threshold stress conditions are attained
in an experiment. The usual indicator is the time in-



244

tronsverse

oxial

Fig. 12. Hydnde development ahead of a notch 1n two extreme
cases in the test matrix. {a) specimen with a 0.05 mm deep notch
tested at an applied stress of 500 MPa {(of*=885 MPaj; (b)
spectmen with a 1 mm deep notch tested at an applied stress of
100 MPa (a',“;‘ =710 MPa).

terval between failures. The time interval is very short
at the beginning of the experiment and gradually
increases. Eventually no failures occur for a long
peniod of time, which mndicates that the specimens that
have not failed are stressed below the true threshold
stress. This concept was used in this experiment in
which, after having no failures for a period of about 1
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vear, it was assumed that the sthreshold stiess conds
nens were well debined and o tutther wainting periad
would not change the results sery much The results
Table 2 show that the mavimum peak stress which dul
not cause a single falure or resuls i hydnde eraching
was 674 MPa and the minimum peak stress that catsed
specimen falure was 767 MPa. hence the threshold
peak 3tfess should be hetween these two values Figure

6 shows the expected (upper bound) fraction of failures

if the peak stress iy increased above the threshold
value.

352 Fracture crueria
The experimental results clearly show that, prior to

crack insiation, a hydnide or group of hydnides formed

at the notch tip The observed variability in time and
number of cycles to failure is probably related to the
morphology of hydrides at the notch tip This morpho-
logy 15 controlled by the variability in microstructure
and crystallographic texture and possibly other in-
homogeneites in the material that are possible at the
notch tip The notch tip hydride growth 1s accelerated
by the mechanism of “thermal ratcheting” by which the
hydride grows during cooling but does not dissolve
during heating [13} At some point the hydride at the
notch tip fractures and DHC is initiated These experi-

ments show that large hydrides can develop at the
notch tip without fracturing, which means that the -,
presence of a hydride or hydndes at flaws does not'

automatically indicate that cracking is imminent How-
ever, the cracking of the notch tip hydndes in some
specimens indicates that these hydrides may be sus-
ceptible to fracture under handhng In the absence of
this type of loading the hydride would grow to a certain -
size (usually called the critical hydride size) and then
fracture Presently, there is a lack of theoretical under-
standing of the criterion that causes such a hydride to
fracture. Shi er al/ have recently developed a con-
ceptual fracture criterion for hydrides at shallow
notches in zirconium alloys [14]. The model assumes
that a hydride having a thickness 7 and a length L in a
far-field stress o* acting along the y direction (Fig 4)
will fracture if the local tensile stress at the hydride
exceeds the hydride fracture stress of. It 1s assumed
that 1t is sufficient for the stress to exceed the fracture
stress at any point within the hydride to initiate an
unstable crack that will propagate the entire length of
the hydride. This assumption may not be true if the
stress field is sharply peaked over a short distance This
is not the case for the stress field 1n front of a blunt
notch Mathematically, the concept of a critical stress
exceeding a threshold stress for hydnide fracture may

be written as

\.lf+a (6)

AAYA 25

where o, s the eliective apphied stross on the hydnde
and o s the stress i the hadnde craated by the
hadride formanon process (negative lor wmprusmn)
[ 1~ a0 assumed that these two stresses Lan be com-
brned Iincarly and that in front of ¢ blunt notch,

=" (7

It has been shown [14] that for an ellipucally shaped
hvdride. o may be given by

) (8)

where £ 18 Young's modulus, v Poisson’s rato in the
zirconum matnx, €, the stress-frec strain of the
hydride in the y direction, and

8§ Ayt n -
el briail rin (9)

Combining eqns {6), (7) and {8), an expression relating
the peak stress ahead of a notch with the internal stress
in the hydnde and its fracture stress can be written as
; a Ee, LS
a"ld
T il (10)

Fromeqn.(10), the critical hydride length L_is

N ¢~1[:'t:1 - . 1
2(1-V)(0'““ o) . ()

An important parameter in eqn. (11) is the hydride
thickness ¢ If multilayered hydrides are formed at the
notch tip, then ¢1s the total thickness of the hydrides at
the notch root (subtracting the matrix between the
hydride layers) It is assumed that ¢ and L. are con-
trolled by different mechanisms {14). A theoretical
approximation was made [14] to calculate the total
hydride thichness, /e

15(1—-v)ol”
o= ——— T 7¥F 7Pt
” 4Ee, (12)

where E=81550 MPa, ¢,=0054, v=0329 for
Zr-2 5Nb at 250°C and r,, 1s the plastic zone size in
the x direction (see Fig 4) Both o™ and r,, may be
estimated using a simple method descnbed m ref. 1.
One condition for using eqn (12) 1s that the total
hydride thickness ¢ (or 1) should be smaller than the
plastic zone size in the y direction (see Fig 4) Since we
have no means of estimating the plastic zone size in the
y direction, we assume, in the following discussion, that
the plastic zone sizes in both directions are simular.
Comparing 4, calculated from eqn. (12), with the
average value r measured from the specimens that have
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not failed (Table 4), one can see that the overall agree-
ment is good (Fig 13) except for four cases, marked by
"+, However, examtning these four cases, we can see
that r,, =1, or even 1y, <t This means that eqn. (12) is
not vahid for these four cases. It was found that if the
total thickness of the hydndes within the plastic zone
boundary i1s measured, then eqn. {12) gives better pre-
dictions. The above model predicts whether DHC will
occur and also predicts the cntical hydnde length for
DHC imtiauon It is obvious from eqn. (11) that Jf
op* < of, DHC is impossible. L, 1n Table 4 1s calcu-
lated using the theoretical hydride thickness from eqn.

(12). For a temperature of 250°C, a yield stress of 540.

MPa, a hydrogen concentration of 1.19 at.%, and a
hydride fracture stress g, =600 MPa, the model pre-
dicts correctly whether DHC 1nitiation will occur or

S Sagaretal | Crack vumeaion i £r=2 SND

not, Table 4 For some notch geometnes and applied
stresses, DHC 1s impassible because 07" <g In
other cases the hydride may never be able to grow to
the cnitical length 1f the hydrostatic stress gradient for
hydrogen diffusion vanishes at a distance from the
notch up region where o,,(L )= o".

Expenmentally, it proved to be difficult 1o measure
the critical hydride length on failed specimens. Con-
sequently, the hydride length and thickness were only
measured on those specimens that had not faled.
Obviously, in these specimens the hydrides would not
be expected to have reached the critical value, but in
some cases, particularly those in which cracks were
observed, or those from groups for which most speci-
mens had failed, they may have approached their
critical values closely (see the data marked ** in Table

TABLE 4. Measured and theoretical critical hydnde size for DHC initiation at notches

[4 P o ‘a’,‘;" Plastic Theory Measured ‘I heoretical Experimental Prediction Reasons
(mm) (mm) (MPa) (MPa) zone (egn {12)} hydndesize cntical length  results: by this

Poe I —————— (eqn (11)} mnitiation? model of

{um)  {um) {um) L{um) L, (probabiity  DHC

{sem} of failure) tnitiation

! {use r,,)
00s 005 300 ° 674 141 , 72 142 78 186 No No o{L)=0o*
U0 0o 40U 185 28.1 L7 21.1 149 174 Yes(0 3) Yes
005 005 500 885 447 300 303 248 194 Yes{0 5) Yes
01 005 200 623 83 39 33 57 333 No No oll}=o?
ns nos 300 R7 261 152 1R 2 110 172 Yes(D 3) Yes
0l 005 400 895 464 315 373 158 197 Yes(07) Yes
0.1 005 500 1006 68.5 523 500 187 232 Yes(0.7) Yes
0.2 005 200 712 188 102%° 205 64 172 Yes{0O)* Yes
02 005 300 885 44,7 300 300 146 194 Yes(0 4) Yes
02 005 400 1029 736 575 550 160 240 Yes(0 8) Yes
02 005 500 1150 105 Yes(1 0) Yes
04 00s 100 585 43 19 31t 46 No No o< ot
04 005 200 830 355 224 280 131 181 Yes(0 3) Yes
04 0on0s 300 1028 734 Yes(1 0) Yes
04 005 400 1176 115 Yes{1 0) Yes
08 005 100 674 14,1 72* 183 65 186 Yes{0 0)* Yes
08 00s 150 836 365 232 223 171 183 Yes(0 0)** Yes
08 005 185 935 539 383 400 218 209 Yes(0 8)** Yes
08 00s 200 974 61.7 Yes{1 0) Yes
0s Qs 300 1176 118 Yes(t 0) Yes
10 a0s 100 710 185 100° 229 9l 173 Yes(0 0)* Yes
10 00s 200 1026 729 Yes{1 0) Yes
10 aas 250 1147 104 Yes(0.9) Yen
10 a8 250 862 147 Yes{0.5) Yes
1o 03 250 172 161 Yes{ 1) Yes
10 thad 250 665 166 No No oL )=o"

for ¢ =60 zgem

*Cracks arc observed 1n a few unfailed specimens
**Cracks are observed 11 most unfailed specimens
iz

n

-
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4) For other cases, the predicted critical hydnde
lengths are larger than measured hydride lengths as

expected. Considening the uncertainty of some of the .

input parameters, in particular the hydride fracture
stress, the prediction is quite good.

6. Limitation of the data

The experiments in this work were performed on
one material with a high hydrogen concentration, sub-
jected to a specific temperature cycle Since the effects
of factors such as the material variability, hydrogen
concentration and temperature cycling, in particular
the peak temperature and the cooling rate during the
cycle, are not yet well established, both the experi-
mental results and the model predictions have himita-
tions if applied outside the range of parameters of this
test matrix.

7. Conclusions

(1) Repeated temperature cycling helps hydndes to
form at the notch tip.

{2) The notch tip hydrides increase in length and
thickness with increasing peak stress ahead of the
notch, but the length to thickness ratio remains
constant. :

(3) DHC initiation occurs after cooling from a peak
temperature to the test temperature and most of
the failures occur shortly after the temperature
cycle. '

(4) The hydride fractures if the local tensile stress at
the hydride exceeds the hydride fracture stress
op+ gtz o

{5} The threshold stress for cracking, in terms of the
peak stess oy, was found to be between 675 and
750 MPa

(6) With increasing peak stress the probability of
failure increases and at peak stresses of about 1000
MPa, the failure rate approaches 100%.
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ABSTRACT: The diametral expansion of pressure tubes in CANDU™ reactors due to irradi-
ation creep and growth s an iropoitant propety that nay it the wseful hfe uf the tubes.
Measurements accumulated over many years have shown that there is considerable variability
in diametral strain rates between tubes. There is also considerable variabifity in the creep and
growth response as a function of axial location, which is due 1o axial variations 1n operating
temperaturc and flux, and to u gradual change in grain structurc and crystallographic texture
from one end of the tube to the other The net effect is that pressure tubes tend to deform at
a faster rate when the back end of the tube (i e., the end leaving the extrusion press last) is
installcd at the fuel-channel outlet. The primary cause of the difference in microstructure along
a given tube in the temperature chunge during the cxtrusion process. Thin end to end variation
itself varies from tube to tube, due to variations in extrusion conditions from one extrusion
fun o the next, and also due o variations in ingot chemistry und billet processing.

A scoiemprical predictive model has been developed previously to represent the irradiation
creep and growth behavior of a generic pressure tube, with a standardized microstructure, as
a function of temperature and neutron Aux. The diametral strain data from one hundred and
twenty-five Zr-2.5Nb pressure tubes have becn compared with the model Deviations from
predicted behavior have been correlated with the available microstructure, chemistry, and man-
ufactuning data. Apart from ohvious microstructural dependendies of dinmetral steain, such as
the relationship with texture, grain structure is aho a sigmficant parameler that varies consid-
crably from tube to tube and correfates strongly with diametral strain. The textures and grain
structures, themselves, are related to manufacturing conditions (billet processing, extrusion
pressures. temperatures. and soak times) and also. to some extent, on the impunty content of
the material {due to the modifying effects on the Zr-Nb phasc diagram)

KEYWORDS: Zr-2.5Nb, pressure tubes, zirconium alloys, nuclear reactor materials, neutron
irradiation, deformation, creep, growth, flux, tempcrature. X-ray d:[ﬁ:'xcnon. microstructure,
texture, grain size, oxygen, themical analysis, statistical analysis, predictive models, rate theory

Introduction

Zr-2.5Nb pressure tubes for CANDU reactors are manufactured by extrusion of hollmé ﬁ:
forged billets at a temperature of about 1090-1120°K, i.e, in the (o +B)-phase field. Cu
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rently, all billets are B-quenched into water from 1288°K: however, this was not always the
case, and operating reactors contain a mixture of pressure tubes: some made trom B-quenched
billets and some not. Following extrusion, the tubes are cold-drawn about 27% to give a
final tube thickness of about 4 2 mm, an inside diameter of about 104 mm, and a length of
6.3 m. The grain structurc resulting from cxtrusion consists of thin, platelet-like, hexagonal
close-packed (hep) a-zirconium grains (containing <1 wt% Nb) interspersed with a network
of metastable body-centered-cubic (bee) B-zirconium (containing about 20 wt% Nb) corre-
sponding with the compasition at the monotectoid point of the Zr-Nb phase diagram. The
metastable B-phase filaments subsequently decompose partially during the final stress-relief
treafment for 24 h at 400°C (o give a mixture of Nb-depleted (hcp) w-phase embedded in
the remaining Nb-enriched (bcc) B-phase.

The a-grains are mostly oriented with {1120 prism planes perpendicular to the radial
direction, {1010} prism planes perpendicular to the longitudinal direction, and (0001) basal
planes perpendicular to the transverse direction, although there are a range of basal-pole
orientations spreading from the transverse to the radial direction in the radial-transverse
plane. Most of the a-grains with basal poles oriented towards the transverse direction are
nearly parallel with the tube surface, and have an aspect-ratio of about 1:(5-10):(20—40) in
the radial, ransverse, and longitudinal directions, respectively. Others that have basal poles
oriented towards the radial dircction are either kinked platelets or have a different aspect
ratio (1:(1-2) (5-10)) so that they appear almost equiaxed when viewed along the axis of
the tube. .

The final cold-draw introduces a high deasity of dislocations. The dislocation structure of

. the a-grains consists of a mixture of a- and c-component dislocations with densities of about
4 % 10" and | X 10" m™? respectively [/].
During operation of a CANDU reactor, the cold-worked Zr-2.5Nb pressure tubes are ex-
* pected to operate to high fluences at temperatures of about 520-585°K. and pressures of
+about 10 MPa in a fast neutron flux of about 4 X 10" n» m-2- s~'. The tubes elongate and
expand diametrally during service due to irradiation creep and growth. The irrudiation de-
formation of the tubes varies along their length and from tube to tube.

A semiempirical model has been developed that predicts the in-reactor deformation for 4n
“average tube based on the operating conditions |2|. The model can take into account texture
variations by allowing for modification of the creep anisotropy factors. However, empirical
factors that are introduced into the model to account for end-to-end differences in irradiation
creep and growth rates are fixed, and are, therefore, a4 source of error when these factors
vary due to changes in microstructure. Apart from texture, the only other microstructural
feature known to vary sigmificantly from the front-to-back end of pressure tubes is grain size.
In the model 12|, the effect of grain size is factored into the axilly dependent growth term
(K (x)) based on a theoretical assessment of the dependency of irradiation growth on grain
sisze |3). There is currently no grain size (or other) dependency that is applied to the axially
dependent creep term (K,(x)). Because of this, the model cannot capture adequately the
etfects of grain size variations that occur along the lengths of tubes and from tube to tube.

Experimental
Diamertral Strain Measurements

Diametral strain measurements were obtained in-reactor by use of a gaging tool as de-
scribed n |2].
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Manufucturing und Mechanical Test Data

Information about the ingot chemistry and thermo-mechanical treatments, up to and in-
cluding extrusion, has been compiled 1n a database for all tubes for which there was diametral
strain data. Mechanical test data for these tubes, obtained as part of their acceptance tests,
were alvo compiled. In addition, where possible, chemical analyses of the archive materials
were obtained, as these are more representative of the tube chemistry than values estimated
from the ingot data. .

Microstructure Data From Offcuts of In-Service Pressure Tubes

X-ray Diffraction (XRD) specimens (about 100 mm? area X 0.5-mm thick) were prepared
by cutting shices from archive material from the tubes with normals corresponding to each
of the three principal tube axes, i.e., perpendicular! to the radial (R), longitudinal (L), and
transverse (T) directions of the tubes. Each specimen was thea chemically polished using a
solution of 5% HF, 45% HNO,, and 50% H,O to remove at least 0 025 mm—the depth of
damage from the low speed diamond wheel used to cut the specimen. Dislocation densities
and lattice parumeters werse determined from line-broadening analysis of X-ray diffraction
peaks obtained using a Rigaku diffractometer with a 12 kW (rotating anode) generator with
Ni-filtered, CuK, radiation, and for high diffraction angles, 2 Siemens diffractometer and a
I kW X-ray generator with Ni-filtered, CuK, radiation. Measurements on the broadening of
the (3030) prism-plane diffraction hines of the hcp a-phase gives intormation about a-
component dislocation densities, and measurements of the broadening of the (0004) basal-
plane diffraction lines give information about c-component dislocation densities [/].

Basal-pule textures were measured following standard procedures and were compiled in
the form of Kearns texture parameters [4] . .

Transmission electron microscopy (TEM) specimens were prepared by punching 3-mm-
diameter discs out of 0.1-mm-thick slices with surluces perpendicular to the longitudinal
direction of the tube. Foils were then made by electropolishing with a solution of 10%
perchloric acid in methanol at about —40°C with a current density of about 0.05 A mm™*
using a Materials Science Northwest twin-jet apparatus. Carbon replicas for grain size anal-
ysis were prepared from the XRD specimens by means of a two-stage replica technique.
Grain size and orientation distributions were obtained from TEM micrographs by measuning
the minimum grain thickness at | um intervals, looking down the long axis of the pressure
tube. TEM analyses were performed using a Philips CM 30 (300 kV) electrun microscope.

Results

The diametral strain profiles as a function of axial location of typical pressure tubes are
illustrated in Fig. 1. The solid circles represent a pressure tube installed with back end at
the outlet, and the open circles represent a tube installed with its back end at the inlet. The
variation in diameteal strain behavior from tube to tube is illustrated in Fig. 2. The measuree
strain values are compared with those predicted for an average pressure tube for a given .wl'
of operating conditions and a given axial focation. Examination of the various micros(rucu{ﬁl/
und chemistry variables indicates that the main parametors that corrclate with eI
predicted dhametral strain are texture, grain size, and oxygen content.

Microstructure

Measurements of 81 Zr-2,.5Nb pressurc tubes in the diametral strain dat
there is a general trend for increasing F, and decreasing ¥, from front to b

abase show that
ack of the tubes
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TABLE 1 Meaun und standard deviation (SD) of baxal texiure parameters for 81 preveure tubes i
the varabiluty database.

Front End ) Buck End

te

F, F, F, F-F, F, F, F, F~F,

Mean 298 0642 0057 0344 0350 0605 0051 0255
SD 0025 0o 0om7 D054 0.029 0032 0050 0059

(Table 1). The diametral strain rate has a negative slope with respect to F,-F,, | 5], generally
decreases from front to back, and can account for some, but not all, of the increased diametra]
strain rates at the back ends. g

Likewise, average grain size {minimum thickness) tends to decrease from the front to the
back ends of Zr-2 SNb pressure tubes (Table 2).

In the latter case, many thousands of grains have to be measured for each tube to obtain
a meaningful representation of the true gran structurc. Unfortunatcly, there are few sets of
data collected in a consistent manner, and therefore, in this case, data are presented corre-
sponding to front-end measurements from 11 tubes and back-end measurcments for 26 tubes
only. Although these trends from front-to-back ends are generally true for all tubes, there
are large variations in textures and grain structures from tube to tube. Figure 3 illustrates
distinct differences in grain structures for two tubes, and Fig. 4 illustrates the distribution of
texture parameters for many tubes. The effects of the variation in grain structure and texture
as related to the peak back end diametral strain are illustrated in Figs. 5 and 6. In the case
of grain structure, average back end grain thicknesses are plotted against measured/ predicted
diametral strain ratio corresponding with the peak strain for a given tube; the trend line isa
best-fit polynominal curve (sce discussion). For the texture data, the trend is assumed to be
linear [5]. In addition to texture and grain structure, the other main variable relating to
diametral strain is oxygen content, measured/predicted peak diametral strain ratio decreasing
with increasing oxygen content, Fig. 7. .

Statistical Analysis

In order to establish that there is a statistically significant trend between measured/pre-
dicted digmetral strain and each of the statistically significant microstructure parameters
(texture, grain size, and oxygen content), 2 simple linear regression anatysis was apphed to
cach set of dawa Mustrated in Figs. 5, 6, and 7. The analysis showed that the most statistically
significant trend was for grain size, the probability that a fitted linear slope (-2.42) ocCl{ﬂ'ed
by chance being 3 X 10 °. Likewise, for oxygen and texture the probability that the fitted

TABLE 2—Mcan and standard deviation ($D) of grain
thickness (um) for 1] front ends and 26 budk ends of prevsure
tubes in the variability databave.

Front End Back End

Mean .45 034
SD 008 606
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FIG. 3—Mucrographs llustrating differences in gram structures for two different pn;'nure tubey viewed
looking down the longiudinal axis: Top—tube FF ( front end), bottom—tube A (front end).
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FIG 4—Histograms illustrating distribution of radial “basal pole textures for many tubes n various
CANDU reactors: dotted line—front ends, full line~back ends * .
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slopes (—2.64 X 10 * and —048 respectively) occurred by chance was [.17 X 1072 and
0 1, respectively. Although the variation in tube-to-tube texture excecds the average axial
variations in texture (see Fig. 4), and these axial variations have a significant effect on
diametral strain, texture (in a single parameter fit) is the least significant parameter in this
case. This can be explained by the fact that textures are taken from a single 10 X 10 mm
section from a tube with a circumference of 176 mm, and preliminary analysis shows that
texture paramelters can, in some cases, vary by as much as 10-20% around the circumference.
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FIG 6—Relationship between texture parameters and measured/predicted peak diametral strawn ratto
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For this reason, a single texture sample may not be representative of the tube as a whole,
and this additional variability will weaken the apparent correlation between texture variations
and variations in diametral strain,

Discussion

Statistical analyses have shown that diametral-strain rates for Zr-2.5Nb pressure tubes are
strongly correlated with grain structure, texture, and oxygen content. In order to give a
probabilistic assessment of tubes likely to, exhubit high diametral strain, better statistical
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FIG, 7—Reluttonship between oxygen content and measured/preducted peak diametral strain ratio
Jor buack ends of vartous Zr-2 SNb pressure tubes.
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asscssments of the main microstructure variables, texture, ond grain thickness, are requirey,
The former is being pursued by taking additional measurements at four clock positions for
all tubes that are in the database. The latter is being pursued by shifting to an alternate
method of grain-size measurement that involves semiauvtomated image analysis from SFM
micrographs.

Aparl from the correlations with the main physical parameters (texture, grain size, and
oxygen content) described 1n this paper, empirical relationships exist between the recorded
manufacturing variables and the measured/predicted diametral strain ratio. These relation-
ships are related to the microstructural parameters that ultimately control the deformation
behavior. There is a positive correlation between B-quenching of the billet prior to extrusion
and diametral strain that is probably related to the etlect of B-quenching on the final a-grain
size in the as-extruded tube [6)

The two main recorded extrusion variables are soak time prior to extrusion and extrusion
pressure. Unfortunately, soak temperatures are not avaifable and, therefore, must be inferred
to some extent from the extrusion pressures |7]. In general, dismetral strain increases with
increasing back-end extrusion pressure. This is primarily because this manufacturing variable
has a significant relationship with texture and grain structure {7]. Higher extrusion pressures
are consistent with a higher volume fraction of a-phase and could translate into a higher
radial-busal texture parameter [8] and smaller average a-grain size when extrusion temper-
ature is the controfling factor {6]. The volume fraction of the a-phase (and therefore exirusion
pressure) is primarily dependent on temperature, but is ulso dependent on oxygen (an «
phase stabilizer) and iron (a B-phase stabilizer) to a lesscr extent.

There is'negative correlation between soak times and extrusion pressures that has been
related 1o changes in the partitioning of oxygen between the «- and 8-phases |7}, but there
is no statistically significant trend relating soak times to diametrat strain. The correlation
between total oxygen content and diametral strain ratio is itself complex, because an increase
in the total oxygen content increases the volume traction of a-phase and, therefore, extrusion
pressure, and this correlates with o higher diametral strain ratio. The negative correlation
between oxygen content and diametral strain ratio (Fig 7) is then either (a) due to the effect
of oxygen on point defect behavior and irradiation deformation directly, or (b) becausc
increased oxygen both increancs the volume fraction and coarsens the prior a-phase, resulting
in a larger average o-grain size after extrusion.

Even though lower extrusion pressures due to higher temperatures are indicative of a lower
a-phase volume fraction but coarser a-grain size, the final grain size distribution can contain
a large number of very small grains. These finer, nonaligned (Widmanstatten) grams forn
due to undercooling of the beta-phase, and this structure is often more prevalent at the frfml
end of the extrusion, Fig. 8. The trend for larger average grumn sizes for increasing extrusian
temperature can then reverse when the Widmanstatten structure is produced [71. Coaling
tates are therefore important, and can result in either a very coarse structure due to growth
of existing alpha-grains or 4 mixed coarse/fine structure due to undercooling. It has also
been suggested that the larger separation of the coarser prior-alpha grains may be signibicant
with respect to the production of a finer Widmanstatten grain structure in some lubc.x l7!-

Although there is a sound theoretical basis for relating differences in diametral strain “’}“‘
difterences in texture |2,5], there is little theoretical or experimental support for _thL‘ effedt
of grain size and oxygen. It could be argued that the negative trend with oxygen b reaan
able, based on the known elfect of oxygen vis-h-vis strain aging [9] Likewise, the grain ";;
dependency is imphicitly illustrated by front-to-back-end differences in diametral .\tm'“'-n_
addition, ptevious theoreucal and experimental work on inradiation growth has shown a gatt
size effect that would be consistent with high diametral strains |3].
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FIG. B—Micrographs of carbon replicas illustrating differenc es in graun structures for a typicel pres.
wure tube viewed looking down the longutudinal axis: (a) front end, (b) back end, Nonaligned (Widman-
statten) grains formed during cooling of the beta-phave after extrusion are more prevalent at the front
end (arrowed in (a)).

The poq'siblhty’ of enhanced creep and’ growth with smaller grain sizes has been investi-
gated further, using conventional rate-theory models. Adopting a similar model to that used
for calculating irradiation growth |3], with the addition of a creep term [/0], the calculations
indeed show the approprate grain size and temperature dependencies for irradiation growth
13.771. and these are illustrated in Figs. 9 and 10. In this case, the net strains for 4 poly-
crystalline aggregate are calculated assuming no grain interactions and Keamns texture pa-

—‘
'—'o 04 — Transverse
= — Adal
s 02 I
T
€ 0 -— - . -~ ) - ’
s 0 02 04 06 08 1
a-02
g Graln Thickness/ 10° m
£.04
I}
06
08

-1

FIG. 9—Calculuted grain size dependence of transverse wrradiation growth for polycrystalline Zr-
2 SNb pressure tubing at 565 K (u-network dulocation denvity = 4 X 10" m™2, c-network duslocation
denvity = I X 107 m % Fy = 04, F.= 06, and F, = 0)
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FIG V0—Calculated temperature dependenc ¢ of irradiation growth for polycrystalline Zr-2 SNb pres-
sure tubing with an average yran size of 03 pm (a-network dislocation denstty = 4 X 10™% m™2, (.
network distocation density = 1 X 107 m 2 F, = 04, F, =06, and F, = 0).
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rameters |4] ot Fp = 04, F, = 0.6, and #, = (). With the inclusion of an elastodiftusion
term [/0], the total transverse deformation rate (irradiation creep and growth) exhibits the
correct grain size and temperature dependence consistent with the data | 5] (Figs. 11 and 12).
In this casc, only single-crystal struins arc calculated for u typical grain, with a thickness of
0.3 m and an aspect-ratio of about 1:10:40 in the radial, transverse, and longitudinal di-
rections, respectively, for the biaxial stress state that exists in an in-service pressure tube 5]
For all calculations, it has to be assumed that interstitial bias parameters that are dependent
on crystallographic direction increase with increasing temperature.
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FIG. 12—Calculated diametral strain rates for a single grain m a Zr-2 5Nb pressurized tube as a
Junddion of temperature for a grain thickness of 03 um and an avpect-ratio of 1 10 40 in the radicl,

transverse, and longitudinal directions, respectively (a-network dislocation densiy = 4 X 107 m 2, (-
network dislocanion denvty = 1 X 109 m ?).

Conclusions
\

The variation in diametral strain rates in Zr-2.5Nb pressure tubes can be largely accounted
for based on variations in texture, oxygen content, and grain structure. Of these parumeters,
grain size is the most significant. Oxy gen affects diametral strain directly, probably by having .
a direct eftect on point defect behavior. Oxygen also modifies the extrusion conditions by
affecting the volume fraction of a-phase and therefore, together with iron, has a secondary
role in affecting the two main parameters (texture and grain structure) that account for
variations in diametral strain. These two microstructural pararmeters are largely controlled by
the manufacturing process (billet quenching, extrusion preheat times, and extrusion temper-
atures). Further work is underway, making use of nonlinear multiple regression analysis, in
an attempt to understand the relatinnchip between diametral strain, manufacturing canditions,
grain size, texture, and oxygen and iron content. In addition, improved sampling will be
employed at numerous circumferential locations to obtain better representative microstruc-
tural data (texture, grain structure, dislocation densities, and offcut chemstry)
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DISCUSSION

G. D. Moan (writien discussion)—The microstructure shown in the figures for Tubes FF
and A (7) were those in two tubes made 30 years ago, one from US material and the other
from European material. The microstructure of later tubes 1s more uniform.

Griffiths et al. (authors’ clovure)—Yes, the two Tubes FF and A were from two different,
nonstandard sources (USA and France respectively). Tube FF had a high Fe content and
Tube A had a low Fc content. These examples illustrate extremes of variability from tube
to tube. | agree, later tubes have 4 more uniform microstructure.

Young Suk Kim' (written discussion)—

(1) What is the critical neutron fluence to initiate the nonlinear growth of CANDU Zr-
2.5Nb tube which is subjected to annealing at 400°C tor 24 h for prefilming?

(2) The reason for raising this question is that we have observed no change in the C-type
dislocation density with the neutron fluence up to ubout 9 X 10** n/m? in (he Wolsong-
I tube. Please comment on the nonlinear growth pattern of CANDU 6-type pressure
tubes.

Griffuthy et al. (authors’ closure)—

(1) In the case of cold-worked materialg, there is no cntical fluence necessary for the
onset of nonlinear growth. This is because c-component dislocation Joops nucleate on
existing c-component network dislocations that have a significant screw character. We
believe that one of the reasons for having a delay before the onset of “breakaway™
growth in annealed Zr-alloy is the incubation period necessary for the nucleation of
c-component Joops. The nucleation barrier appears to be small or insignificant when
nucleation occurs on existing dislocations (see Gnffiths et al. INM 225 (1995) p. 245
and Holt et al. STP 1354 (2000) p. 860).

(2) The evolution of the c-component dislocation structure is difficult to establish in such
a complex system as exists in Zr-2.5Nb pressure tubing, especially if one is taking
measurements from many tubes irradiated to different fluences, because of the large
degree of variability that exists. Using a combination of XRD line-broadening and
TEM analysis, a statistically significant trend is observed for data from ex-service
pressure tubes that extends to fluences >10 X 10%* n - m~? and is particularly apparent
for grains oriented with their c-axes parallel with the radial direction of the tube. The
trend is much clearer when dealing with a single source material (see Hosbons et al.
STP 1354 (2000) p. 122).

R. K. Snvastava® (written discussion)—What was the production route followed for the
tubes you studied? Mot ot the problems you referred to can be solved if tubes are pilgered.
Extrusion followed by two-stage cold pilgering, and then autoclaving, results in umiform
microstructure along the length

Griffiths et al. (authors’ closure}—The tubes were fubricated according to a standard pro-
duction process for CANDU reactor pressure tubes (see Choubey et al. STP 1295 (1996) p.

! KAERI
2 Nutlear Fuel Complex, Hyderabad, India.
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657). Much of the variability that is reported in this paper comes from “historic™ tubes, i,
tubes manufactured in the '1960s and §970s: Tubes fabricated currently do not exhibit the
same degree of variability, either axially or from tube to tube. The variability in the older
tubes was due to the extrusion conditions, not the cold drawing, and would not be corrected
by pilgering. There would be an interest in the properties and operating behavior of pilgered
tubes if such data were presented at future Zr Symposia.
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ABSTRACT: Zirconium alloys are suscepublc 10 a stable crucking process called delayed
hydride cracking (DHC). DHC has two stages: (a) crack initiation that requires a minimum
crack driving force (the threshold stress intensity factor, Kiw) and (b) stable crack growth that
is weakly dependent on K, The value of Ky is an important clement in determining the tolerance
of components to sharp flaws. The rate of cracking is used in extimating the action time for
detecting propagating cracks beforc they become unstable. Hence, it is important for reactor
operators to know how these properties change during service in reactors where the components
are exposed to neutron irradiation at elevated temperatures. DHC properties were measured on
a number of components, made from the two-phase alloy Zr-2 SNb, irradiated at temperatures
in the range of 250 to 290°C in fast neutron fluxes (E = 1 McV) between 1.6 X 10" and
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reduced Ky, by about 20% and increased the velocity of cracking by a factor of about five. The
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in the crack velocity by neutron irradiation are explained in terms of the combined effects
of irradiation hardening associated with increased <a>-type dislocation density, and f3-phase
decomposition. While the former process increases crack velocity, the latter process decreases
it. The combined contribution is controlled by the irradiation temperature. X-ray diffraction
analyses showed that the degree of B-phase decomposition was highest with an irradiation
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Delayed hydride cracking (DHC) is a stable crack growth mechanism in zirconium alloys.
Hydiogen aceumulates at 4 stress raiser. If suficient hydrogen 1s present, hydrides form and,
if the stress is high enough, the hydrides fracture and the crack advances, The process is then
repeated until the crack becomes unstable. The two main characteristic parameters of DHC
are the crack velocity, V and the threshold loading below which cracks do not grow; with
sharp cracks at moderate loads, linear elastic fracture mechanics is used, and the threshold

. stress intensity factor is called X,. Neutron irradiation at some temperatures increases V and

reduces Ky [1,2). At least two methods exist to evaluate the effect of irradiation on DHC: (1)
prepare appropriate specimers, then irradiate them in a reactor, or (2) machine specimens
from components removed from reactors for surveillance, In this paper, we describe the results
of experiments using both methods. Many cold-worked Zr-2.5Nb pressure tubes were removed
from CANDU power reactors as part of a planned large-scale retubing program and thus a
comprehensive evaluation program was possible. The objectives were to measure the effects
of iradiation fluence and irradiation temperature on V and Ky and to relate the results to the
microstructural changes produced by irradiation.

Experimental Procedure

Material

Pressure tubes in CANDU reactors are made from Zr-2.5Nb alloy by hot extrusion of hollow
hillets followed by 25% cold work. The extrusion process results in a crystallographic texture
with the following resolved basal pole fractions: 032 (radial), 0.61 (transverse), and 0.07
(axial). The pressure tubes are about 6 m long and have an inside diameter of 103 mm and
a wall thickness 4.1 mm. They are joined to stainless steel end fittings by internal rolling.
The material used in these experiments came from 45 pressure tubes that were removed from
power reactors and from offcuts. The offcuts are small pieces of archived material cut off
from each end of a pressure tube prior to operation. The tubes were removed from different
lattice positions and sampled at different axial positions along the tube to provide a range of
irradiation fluences and temperatures. A schematic diagram of a pressure tube and related
terminology used throughout this paper are shown in Fig. 1. The rolled joint (R/J) regions are

FLUXx
e
< ?‘9’;‘/
\h‘\o\" -~
W -~
——
a—
INLET OUTLET
Pressure Tube
— —
LJ
R/J MAIN BODY R/J

SCHEwRY

FIG. 1—A schematic diagram of a fuel channel in CANDU reactor.
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defined as the pieces that are within about 200 mm from each end of the tube, and the remainder
of the tube is referred as the main body. ’

Zr-2.5Nb material was also irradiated in a high flux reactor (OSIRIS) at Centre d’Etudes
Nucleaires de Saclay. The purpose of this irradiation was fo achieve end-of-life fluences
substantially ahead of the life of the tubes in the reactors. Two materials were used fer this
irradiation: standard, cold-worked Zr-2.5Nb (tube H737) and Zr-2.5Nb material produced by
a modified route, TG3R1 (Task Group 3 Route | material developed at Ontanio Hydro). The
TG3RI1 pressure tubes were produced using a lower extrusion ratio and higher percent cold-
work than standard pressure tubes, and had an extra stress relieve at 500°C for 6 h after cold
drawing. Details about production routes for the fabrication of cold-worked Zr-2.5Nb tubes
are given in Ref 3. About 1 atomic percent of hydrogen was added gaseously to these
materials prior to irradiation. To achieve a uniform distribution of hydrogen, the materials
were homogenized at 400°C for 72 h The irradiation of H737 material was called ERABLE
and the irradiation of TG3R1 material was called TRILLIUM. Both irradiations have been

carried out at a temperature of 250°C.

Specimens

Two types of specimens were prepared from the tubes: (1) cantilever beam (CB) and (2)
curved compact toughness (CCT) specimens, Fig. 2. The CB specimens were used for measuring

(B)

FIG. 2—UCurved compact toughness (A) and cantilever beam (B) specimens used in DHC tests.
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V and Ky 1n the radial direction, and the CC1 specimens tor measuning V in the axial direction.
Cracks were started in CB specimens from 0.5-mm-deep notches machined on the inside surface.
The CCT specimens were fatigue pre-cracked. Because the initial hydrogen concentration in
the specimens was low, hydrogen was added to some specimens electrolytically to allow testing
up to 290°C. In this technique a layer of solid zirconium hydride is deposited on the surface
of the specimen. The specimen is then homogenized at a solvus temperature corresponding
to the required hydrogen concentration. This treatment results in uniform distribution of fine
hydrides through the bulk of the specimen.

Experimental Techniques

Crack velocity of DHC 1s sensitive to the temperature history; the maximum value of V is
attained by cooling (without undercooling) to the test temperature from above the solvus
temperature of hydrogen in zirconium [4]. Thus, a standard procedure for measuring V was
developed as shown in Fig. 3. To minimize anncaling of irradiation damage, the maximum
peak test temperature in irradiated material should not be greater than the irradiation temperature
plus 10°C. The load can be applied either at the end of the high temperature soak, or after
ataining the test temperature, The latter avoids premature cracking dunng cooling and allows
an accurate evaluation of the time to crack initiation. The loads applied should be within
ASTM criteria for linear elastic fracture mechanics, that is, ASTM Test Method for Plane-
Strain Fracturc, Toughness of Metallic Materials (E 399-90). CB specimens were loaded in

load

Tier+10°C

Ts (hecting)

[}
3 -
3 ]
B >10°C 1-3°C/min
s .3 _
a /2 h
£ ~5°C/min
o
'—
no undercooling load: 12~30 MPavm
> 1°C
Time
I hd crack growth
direction
e NOTCH
crack
stort |/ £ | ~DHC CRACK j
~%qv
gy = A/w

FIG 3—Standard temperature and loading history for DHC testing,



SAGAT ET AL. ON DELAYED HYDRIDE CRACKING 39

bending and cracking was detected by acoustic emission [5). CCT specimens were dead weight

loaded in tension in a creep frame and cracking was monitored by a d-c potential drop method

(6] The cracks were grown from about 0.5 to 2.0 mm. Crack velocity was derived from the

average crack depth divided by the time over which steady cracking occurred. Crack depth

was defined as the area of DHC, delincated by heat-tinting, divided by the specimen thickness.
In the literature, two methods of determining Ky, have been described as follows:

1. A number of specimens are loaded to different K; and incubation times for cracking
are measured; Ky, is estimated by a projection to infinite time (7]. Measuring K, using
" this technique takes several years, but provides realistic values.
2. One specimen only is used and Kjy is measured over a relatively short period of time
by either increasing the load until cracking starts or decreasing the load until cracking
ceases J5.8). '

The method we have standardized on for quick comparisons is based on decreasing the
load. After the standard temperature cycle, the specimen is loaded to 17 MPa/m. Once cracking
is initiated, the K; is reduced 2% per 5 pm of crack growth, derived from the calibration of
the acoustic emission through an automatic feedback system [5]. The load is reduced until
acoustic emission stopped and no further indications are obtained for at least 24 h. Ky is
derived from this final load and the average crack depth.

)

Experimental Errors

The main sources of errors in the measurement of DHC velocity are:

1. uncertainty in the determination of the time for steady cracking, and
2. uncertainty in the determination of the crack depth.

It takes a certain amount of time, called incubation time, before cracking starts. Before
steady crack growth is attained, the cracking may go through a transient period, during which
the cracking may be erratic or intermittent. Neither the incubation time nor the transient time
should be included in the crack velocity calculation. The uncertainty in determining the time
of steady cracking depends on the sensitivity of the acoustic emission or potential drop
techniques and on estimating the onset of steady cracking, which is not always clear-cut.

Crack propagation is not always uniform across the specimen section; hence, the average
crack depth, derived by dividing the cracked area hy the specimen thickness, is sensitive to
the crack shape. Crack velocity in nonuniform cracks and cracks that tunnel excessively, may
be different from those in uniform cracks. even if crack areas are the same.

The errors arising from temperature and load measurements are small in comparison with
the ervors in determining crack depth and time of cracking.

Based on data, we estimate that the error in measurement of DHC velocity is *=25% and
+50% from the mean, in unirradiated and irradiated material, respectively.

‘The crror in the measurcment of Kjy, using the standard load reducing method, depends on

the following:

uniformity of DHC crack,

accuracy of acoustic emission equipment,
accuracy of load measurement, and

the required “wait ume™ of no cracking,.

AOp~
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As far as the crack shape 1s concerned, similar arguments apply to K tests as those discussed
for crack velocity tests. In a Ky, test, it is absolutely mandatory that the acoustic emission
equipment is not noisy, because each time false counts are recorded, the load is reduced and
this Icads 10 underestimating Ky,

An accurate load me.xsuremcnl is important because the loads are very small when K
1s approached. -

We_estimate the error in measnnng K, wsing the lnad reducing method. to he *1

MPa/m (£15%).

Microstructural Examinations

The rr}icros'tmcmrc of cold-worked Zr-2.5Nb consists of flat, a-zirconium grains surrounded
by thin layers of continuous B-zircomum, Fig. 4. To study the evolution of the microstructure,
notably the decomposition of the B-phase during the irradiation, and the evolution of the
dislocation substructure, X-ray diffraction (XRD) was used; transmission electron microscopy
was not able to resolve the changes occurmring in the B-phase or evaluate the dislocation
substructure quantitatively. Specimens for analysis by XRD were prepared by cutting thin
shees from the tube perpendicular to each of the three principal tube axes, that is, longitudinal
normal (LN), transverse normal (TN), radial normal (RN). The LN(1010)a, TN(0002)c,
LN(110)8, and RN(200)8 diffraction lines were measured using a Rigaku rotating anode
dxﬁ'raclomctcr with CukK, radiation. The RN(1 120} diffraction hines were measured using a
"Siemens diffractometer also operating with CuK, radiation. The line shapes of the X-ray
profiles for the a-phase were analyzed using the Founier method and these were interpretted
in terms of dislocation density for <a>-type and <e>component dislocations [9,70].

Results

The factors that affect DHC were expected to be irradiation fluence, imradiation temperature.
test temperature, and direction of testing on the plane normal to the transverse direction.

Continuous
i — g—phase

FIG. 4—Microstructure of cold-worked Zr-2.5Nb pressure tube
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Effect of Irradiation Fluence

The effect of irradiation fluence was studied on specimens prepared from the R/} and main
body regions of pressure tubes removed from power reactors, and on specimens from the end-
of-life irradiations in France. DHC velocities in both the radial and axial directions were
determined as a function of fluence. Tensile properties in the transverse direction were deter-
mined as a function of fluence. o

In the R/J region, the crack velocity increased rapidly with fluence, Figs 5 and 6. The
results from the end-of-life irradiations (TRILLIUM and ERABLE) showed a weak dependence
of the crack velocity on fluence, Fig. 6. In specimens from the main bodies of pressure tubes,
the crack velocity was three to five times higher than that of unimadiated material and was
found to be independent of fluence, Figs. 5 and 6. These observations suggest that the effect
of irradiation saturates at about 1 X 10% n/m®, The yield stress follows a similar behavior,
Fig. 7 [{7),.it saturates at about 03 X 10” n/m’.

Effect of Irradiation Temperature

In CANDU reactors, the temperature along the channel increases trom about 250°C at the
inlet end to about 290 to 300°C at the outlet end. As shown in’Figs. 5 and 6, the crack
velocities are higher at the inlet end than at the outlet end. Figures 8 and 9 show the crack
velocity as a function of position along the fuel channel. The velocity drops off sharply towards
the R/Js and decreases gently from the inlet end towards the outlet end. These results are
obtained on 45 pressure tubes and the scatter includes tube-to-tube variability.

Direction of Testing R o

Shapes of cracks in carly Pickering and Bruce rcactors indicated that the rate of crack

growth in the axial direction of the tube is about twice that in the radial direction. This

i
+

s CRACK VELOCITY m/s (1E-8)}

0  urirrodiated P/T
2| X  ntet{008 ta 2 m)
A Oullel(4 lo 61 m) x X
Y¥S Soturati - x
154 aturation . - . %
Fluence N ) ) X %
I — Xx
1} N - ke X
% s e - — __éA.-_A .y
— X an
os} §
0 Q 1 1 L i 1 ] L ] 1
-1 o] 1 2 7 8 9 10

3 4 5 6
FLUENCE (10%°) n/m?
FIG. 5—Dependence of axial DHC velocuty on irradiation fluence (test lemperature. 130°C).
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FIG. 6—Dependence of radial DHC velocity on irradianion fluence (test temperature: 130°C).
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FIG. 7—Dependence of yield stress on irradiation fluence (test temperature: 250°C).
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FIG. 8—Variaton of axial DHC velocity along pressure tube (test temperature: 130rC).
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observation was confirmed 1n a round-robin test performed at Chalk River Laboratories (CRL),
Whiteshell Laboratories (WL), and Ontario Hydro Research Division (OHRD). Standard,
unirradiated Zr-2.5Nb pressure tube material with two hydrogen concentrations, 0 36 and 0 50
atomic percent, was used in this round robin. WL and OHR used CCT specimens and measured
crack velocity in the axial direction of the pressure tube, and CRL used CB specimens and
measured crack velocity in both the radial and axial directions. The objective of this round
robin was to determine the vaniability in crack velocity between CCT and CB specimens and
to determine the effect of crack growth direction on DHC velocity. In general, there was good
agreement between all three laboratories in the axial crack velocity measurements, which
confirmed that the specimen type was not a factor in crack velocity determination. The
experimental uncertainty in the results from all three laboratories was less than 25% of the
mean at a given hydrogen concentration and crack growth direction. The crack velocily in the
axial direction was found to be 1.7 to 1.9 times higher than that in the radial direction, Table 1.

Crack vclocitics were also mcasurcd, in both the radial and axial directions, on the 45
pressure tubes removed from different lattice positions in four power reactors. The majority
of the tubes from the power reactors had low hydrogen isotope concentrations (0.05 to 0.1
atomic percent) and had to be tested at temperatures between 120 and 140°C, Some tubes had
high hydrogen isotope concentrations at the outlet end, and some specimens were hydnded
electrolytically to allow testing up to 300°C.

To measure the radial velocity, cantilever beam specimens were prepared from different
axial positions of these tubes. [he temperature dependence of the crack velocity followed an
Arrhenius relationship as shown in Fig. 10. A least-squares regression produced the following
expression for V in m/s

Ve = 00863 exp(—58/RT) n
where

R =8.314 X 10 ki/mol,
T = the absolute temperature, and 95% confidence limits are a factor of *2.6 from the mean,

Crack velocities, measured on the offcut material from two tubes, are grouped around the
lower bound line of the iradiated material, Fig. 10. In these tests, many specimens were
prepared from sections near the inlet and outlet ends of pressure tubes. Comparing crack
velocities in these sections, it was observed that those coming from the inlet sections had
consistently higher crack velocities than those from the outlet sections, as shown n Fig. 11,
The average crack velocity at the inlet end is about twice that at the outlet end. The least-
square regression analysis gave the following expression for the mean V, in m/s, for inlet and

outlet, respectively

TABLE |1—Comparison of axial (V,) and Radial (Ag) velocuies determined at CRL.

H concentration,

atomic % Test Temperature, °C Axial V, m/s Radial ¥, m/s ViV
05 250 18xX10**31 61X{0°*13 19
05 200 23X 1072015 12X 10*x016 1Y
036 250 59X 10*+087 35X 10 >046 17
036 200 22X10**x023 13x10°=0.17 17
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FIG. 10—Temperature dependency of radal DHC velocity

Vaw = 0.169 exp(—59/RT) (¢3]

with 95% confidence limits equal to a factor of *1.7 from the mean, and

Vieow = 0.068 exp(—58/RT) 3)

with 95% confidence limits equal to a factor of +2.1 from the mean.
Figure 12 shows the temperature dependence of the axial crack velocity. The least-square
analysis gave the following expression for the mean V) in m/s

Vi = 402 X 1073 exp(—43/RT) @

with 95% confidence limits equal to a factor of 2.3 from the mean.
These results show that the temperature dependency of V in the axial direction is smaller

than that in the radial direction, Fig 13. At low temperature, V, > V,, but at 300°C, both
velocities have about the same value.
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FIG. 11—Difference between radial DHC velocity at the outlet and nlet ends of pressure tube.

Threshold Stress Intensity Factor

The threshold stress intensity factor, Ky, was measured using the load-reducing method on
several tubes removed from reactors and on their offcuts, The results showed a small decrease
in Ky as the fluence increased to about 1 X 10% n/m?, but no decrease in Ky was observed
with further increase in fluence, Fig. 14. The average K, in the offcuts was 7.5 =
13 MPa/m and, in the irradiated material, it was 6.2 = 0.9 MPa/m at the 95% confidence
level. Within the temperature range of 140 to 250°C, K, remained constant, Fig. 15.

Microstructural Examinations

XRD analysis shows that enrichment of the B-phase by niobium occurs during service and
increases significantly from the inlet toward the outlet, Fig. 16, The enrichment is the result
of a gradual decomposition of metastable 20 to 40 atomic percent niobium-enriched B-Zr
towards a stable 3-Nb phase about 88 atomic percent niobium at 300°C, X-ray diffraction
indicates a variation in <a>-type dislocation density along the length of the tubes, being highest
at the inlet end and decreasing by about 20% toward the outlet end, Fig. 17. The data from
samples taken from within 0 5 m of the centers of the tubes show that the <a>-type dislocation
density has saturated by fluences of about 2 X 10% n/m?, Fig. 18.
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FIG 12—Temperature dependency of axial DHC velocity

Discussion

The results are summarized as follows. The crack velocity, V, of DHC in cold-worked
Zr-2.5Nb is increased by a factor of up to five times, and Ky is slightly reduced by neutron
irradiation. The effects saturate after about 1 X 10 n/m? V decreases with increase tn irradiation
temperature. In unirradiated material, Vin the axial direction is twice that in the radial direction,
but in irradiated material, the dependence of V on direction changes with testing temperature.
Neutron irradiation produces damage in the crystal lattice of Zr-2 SNb in the form of predomi-
nantly type-<a> dislocation loops that harden the material. The irradiation hardening saturates
at a fluence of about 2 X 10% n/m? and so does the yield stress. The B-phase decomposition
is controlled by the irradiation temperature—the higher the temperature, the greater is the
decomposition. Both the yield stress and the state of the B-phase decomposition have been
shown to affect DHC velocity [72,13] The results will be discussed in the context of these obser-

vations.

Effect of Irradiation Fluence .

The effect of irradiation fluence on DHC can be explained by the theory of delayed hydride
cracking developed by Dutton and Puls {74], and later improved by Puls [8,75] and Ambler
[16). According to this theory, when there is a hydride present at the crack tip, its rate of
growth is determined by the rate of diffusion of hydrogen into the crack-tip region. The driving
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forces for diffusion are: hydrogen concentration gradient, stress gradient, and thermal gradient.
The theory assumes that the crack velocity is equal to the rate of growth of the hydride at the
crack tip. The rate of diffusion of hydrogen atoms, dN/dl, 1nto the cylinder of unit length and

radius, 7; is

dN
E— = ~=2nrly 5)

where Jy 1s the hydrogen flux (atoms - m™2 - s7),
Assuming that the crack velocity is equal to the rate of growth of the hydride at the crack

tip, the crack velocity, da/dt, can be written as

da _ —2mrly
o aa,Ny ©)

where

a = the thickness to length ratio of the hydride,
aa. = the thickness of the hydnde at fracture, and
Ny = the atomic density of the hydride.
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Substituting for hydrogen flux

DG
" (E. — E) o)

= 0e

the crack velocity, da/dt, can be written as

da _ 2wD\Co _
= ooy &~ E) ®
where
_ W + (W
E,= CXP{—"—'_‘- XR(DU } )]
¢=J:‘-’;exp.(£‘.‘__%_:.g—o)-dr ) (lO)

The remaining parameters in Eqs 5 to 10 are given in Appendix 1.
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In this model, the effect of irradiation fluence can be accounted for through the value of
the yreld stress of the matenal as shown by Puls [75]. There are two terms that are sensilive
to yield stress: the position of the maximum stress, a,, and the interaction energy of the crack-
tip hydride with the locally apphed stress, (W) a, is related to the plastic zone size at the
crack tip that depends on the yield stress. (wf) = —6.66a, for 3-hydrides. Using the average
yield stress from Fig. 7, the model predicts an increase in the mean DHC velocity due to the
irradiation hardening to be a factor of about 3, Fig. 19. The current model does not account
for either the direction of the crack growth or for the decomposition of the 8-phase. However,
as diffusion data become available for the anisotropic microstructures of pressure tubes, the
model can be expanded to include the crack growth in two-phase material in both the radial
and axial directions.

Crack velocity in umirradiated cold-worked Zircaloy-2 is much lower than that in Zr-2.5Nb
[2,17). Results of experniments show that {rradiation to a fluence of 7.7 X 10* n/m? increases
the crack velocity in Zircaloy-2 by a factor of 50, making 1t simular to that of irradiated
Zr-2.5Nb, Fig. 19 (for Harvey tubes in Ref 2 that had a similar texture to that of standard
Zr-2.5Nb pressure tubes). Using an increase in yield stress from 350 to 600 MPa from irradiation
[78), and the diffusion coefficient for a-Zr, the preceding model predicts an increase in the
crack velocity, but only by an order of magnitude. Clearly, the increase in yield stress alone
cannot fully account for the observed behavior in Zircaloy-2.
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FI1G. 16—Percentage of niobum 1n the B-phase of Zr-Z SNb pressure tubes as a function of
pasition relative to the inlet, for back (B} and front (F) ends relative to the extrusion process.

A conceptual model for Ky was recently developed [19). The theoretical expression for Kiy
is given in terms of the elastic constants, the yield stress of the material, the hydride fracture
stress (0}), and the thickness of the crack-tip hydride (1) as follows

E - 0043E - €
Kt = 1= ——
A1)

1-2v o

R AR (1

where

o, = the yield stress of the material, and
+ = a constant (~0.025). -

Other parameters in this equation are defined in Appendix 1. The values of Ky calculated by
this model are smaller than those measured experimentally, Table 2. The model assumes that
the crack-tip hydnde covers the entire fracture surface. The higher values measured in experi-
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-

ments were assumed to be caused by the fact that the hydrides may not cover the whole front
of the crack and the experimental K3 was related to the theorelical Ky as follows

Kit = K + (1 = NK, (12)
where

J = the fraction of hydride coverage at the crack tip, and
K, = the initiation fracture toughness of the matnix (zirconium alloy) material.

Substituting Ky = 3.7 MPa/m, K = 6.2 MPa/m, and K, = 30 MPaJ/m into Eq 12, fis 0.9,
that is, hydrides should cover nearly all of the area ahead of the crack tip. Qur preliminary
results hased on metallographic exammnations of hydnides at crack tips show that, at low values
of K; (near Kjy), the hydrides are well developed and continuous, However, further examinations
need to be done to quantfy the state of the crack-tip hydrides more accurately.

The model predicts a slight reduction tn K, with irradiation that agrees with experimental
results. This reduction is mainly due to an increased yield stress by neutron irradiation in the
irradiated material. Our preliminary results on unirradiated Zr-2.5Nb indicate that a material
with a lower yield stress has a higher value of Ky, but most of such material also has a
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FIG. 18—Variation of dislocation density as a function of fluence for samples of Zr-2.5Nb pressure
tubes taken from within 0.5 m of the center line of the reacters.

different crystallographic texture, hence, the effect of yield stress alone cannot be easily
isolated. Clearly, the relationship between Ky and yield stress in unirradiated Zr-2.SNb material

needs to be established.

Effect of Irradiation Temperature

1t has been shown that the diffusion coefficient in the pure B-phase is about two orders of
magnitude above the diffusion coefficient in a-phase [20,2]]. In two-phase, cold-worked
Zr-2.5Nb material, the presence of the B-phase enhances (up to an order of magnitude) the
hydrogen diffusivity, compared with that in the a-phase. Experiments have shown that the
crack velocity in Zr-2.5Nb alloy is greater in the material with the continuous B-phase than that
in materials with decomposed B-phase [13,27]. These observations can be used in explaining the
different crack velocities at the inlet and outlet ends of irradiated pressurc tubes. The DHC
experiments showed higher crack velocities at inlet ends of irradiated pressure tubes than at
the outlet ends, while X-ray diffraction showed a smaller degree of B-phase decomposition
at inlet ends than at outlet ends, Figs. S, 6, 11, and 16. The profile of the crack velocity in
an irradiated pressure tube, Figs. 8 and 9, is mainly the result of differences in the B-phase
decomposition along the tube, Fig. 16, and to a lesser degree because of decreasing irradiation

hardening, Fig. 17.
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TABLE 2—Predicted and measured Ky values in unirradiated and irradiated Zr-2 5Nb materials.

Predicted K. Measured
Temperature, °C MPa/m K, MPa./r-r_;
UNIRRADIATED
150 4.1 75%13
250 53 7513
' IRRADIATED

150 37 62 *09
250 46 62 *09

Temperature Dependence of DHC Velocity

The temperature dependence in the DHC model derives primarily from the sum of the
activation energies for diffusion and solubility contained in the DyCy product, which is 70 kJ/
mol, Appendix I. A secondary effect comes from the temperature dependence of the yield
stress, which reduces the total activation energy for DHC to about 60 kJ/mol, Fig. 19. DHC
experiments have shown that the crack velocity follows an Arthenius type of relationship with
temperature, for Zr-2.5Nb alloy

CRACK VELOCITY, m/s

—G6L
10 6 E Q  irred Zire.~2 (2]
E ~ A uner Zire.-2 [2]
P~ ~ a== Model, Unirradiated
~ ~
§ ~ Model, lrradiated
10“‘75 \ Q ~ T —2r—2.5Nb, Q=58 k/mol
" ~
i X
168F
E
F ~
9l ~
1091 a
F300°C 250°C  200°C 150°C 120°C
16‘1 I L1 L L 1 It 1 L

1.7 18 1.9 2 21 22 23 24 25 26 27

1000/T, 1/K
FIG. 19—Companrison between DHC velocuties in Zr-2.5Nb and Zircaloy-2.
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P ]
V=A cxp( RT) (13)

with the coefficients listed in Table 3. All unirradiated materials, but one {7], have temperature
dependencies in the range from 58 to 72 kJ/mol, which is reasonably close to the theoretical
value. The results in Ref 7 were not obtained using the standard temperature cycling procedure.
Most of the unirradiated materials have the B-phase decomposed from homogenization treat-
ment at 400°C for several days after gaseous hydriding, hence, the cracking in both directions
is governed mainly by the diffusivity and solubility in the ai-phase. In the radial direction, the
temperature dependence of cracking of the irradiated material is similar to that of unirradiated
material, suggesting that the factors that dominate the temperature dependence, solubility and
diffusivity in the ae-phase, are not much affected by radiation. Lower temperature dependence
of the axial crack velocity in the irradiatcd matcrial can be explained in terms of the contribution
of the p-phase (which is only partially decomposed in the irradiated material) to the diffusion
of hydrogen in this direction (the activation energy for diffusion in the B-phase is lower than
that in the a-phase [20,21]). These ideas are being explored in our current research programs.

Conclusions

1. Neutron irradiation increases the velocity of DHC in ¢old-worked Zr 2.5Nb by a factor
of 3 to 5 times, and reduces K,; by a small amount, about 20%. The effect of irradiation
saturates at a fluence of about 1 X 10 n/m

2. Temperature dependence of the crack velocity in both the radial and axial directions
in the unirradiated material, and in the radial direction in the irradiated material, follows the
theoretical predictions based on a diffusional model for the a-phase and the change in yield
stress with temperature and irradiation. In the axial direction, the dependence on test temperature
does not follow the theory based on diffusion in the a-phase; the theory needs to incorporate
a two-phase (a + B) diffusion model.

3. Crack velocity decreases with irradiation temperature primarily through the change in
the configuration of the B-phase and, secondarily, through changes in dislocation density.

TABLE 3—Temperature dependence of DHCYV velocity for unirradiated and irradiated
Zr-2.5Nb material .

Direction A Q. k)/mol Ref
UNIRRADIATED
Radial’ 6.9 X 107! 72 {4
Radial* 2.1 % 1072 59 this paper
Radial® 4.0 x 107 58 this paper
Radial* 1.4 X 10°* 42 7]
Axial* 1.5 X 107" 66 [8]
Axial 53x 107 60 this paper
IRRADIATED

Radal’ 86 x 017 58 this paper ~
Axial® 40 x 017 43 this paper

“Hydrogen was added gaseously at 400°C followed by homogemzation at 400°C for 72 h.
*The material was in the autoclaved condrtion, that is, it was heated at 400°C for 24 h
‘Some irradiated specimens had hydrogen added electrolytically at 90°C followed by solution treatment

at 290°C for 14 days.
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APPENDIX 1

Parameters used in DHC Model
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2.17 X 107 1s a pre-exponential term in the expression for the diffusion coefficient
of hydrogen in zirconum: Dy = 2.17 X 1077 exp(—35 100/RT) m¥s

10.2 is a pre-exponential term in the expression for the concentration of hydrogen
in sold solution when there is no cxtcmal stresses: Cf = 102 exp(—35 000/RT)
atomic %

2.3 X 10 m/atom is the atomic volume of zirconium

The thickness to length ratio of the hydride

The distance from the crack tip to the position of the maximum stress = (0.144 X Jo,)?
6.13 X 10® atom/m? 1s the atomic density of the hydride

0.5771(K //;) J/mol is the molal interaction energy of the stresses with the hydrogen
in solid solution

35 100 J/mol is the activation energy for diffusion of hydrogen in zirconium from
the expression for Dy

4912 J/mol is the molal elastic strain energy of the matrix and fully constrained 3-
hydrides with plate normals parallel to direction [0001]

—0.9447(K/JL) J/mol 1s the interaction energy of matrix 8-hydrides with the
applied stress

~66563 g, J/mol is the interaction energy of crack-tip &-hydrides with the
applied stress

1.66 1s the mole fraction of hydrogen 1in ZrH, ¢, hydride

35 ki/mol 1s the activation energy of the equilibrium hydrogen concentration given
in the expression for C§

The Mode I stress intensity factor in MPa/m

The Poisson’s ratio in zirconium = 0.3

16.7 X 10°" m*mol is the partial molar volume of hydrogen in zirconium

163 X 10°* m*mol is the molal volume of hydride with a composition ZrH,

25 100 J/mol is the heat of transport of hydrogen in zirconium

The stress-free strain of the hydride in the y direction = 0.054

Young’s modulus in the transverse direction = 102.47 — 0.011 743 T — 8.068 69
X 1073 T2, where E is in GPa and T is in °C

The hydride fracture stress = 0007 357 E

The expressions marked by a dagger (1) are derived in Appendix II.
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APPENDIX II ,

Derivation of formulas marked by a dagger (}) in Appendix [

Position of the Maximum Stress, a_ J

The maximum stress, a,, is assumed to be equal to the position of the maximum stress in
the plastic zone that is derived by equating the hydrostatic stress at the crack tip, p,, 1o that
in the matrix and then solving for r (r is defined in Fig. 20)

pir) = —(on + on + ap)f3 = =Y (K 2mr)(1 + v) = —0.346 K, /Jr
According to Rice and Johnson [22)], the maximum hydrostatic stress is
p{l) = —24a,
hence,
24 g, = 0346 K/Jr

solving for r

T'o
,bc“\\’@ .

_A=>0y

X b, fm

CRACK T1F
HYDRIDE

MATRIX
HYDRIDE

FIG.20 Crack gcometry
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(1) = (0.144 K Jo,)!
where a,ism Mpa and X, in MPa,/—n-l‘

Molal Interaction Energy of the Stresses

The molal interaction energy of the stresses with the hydrogen in.solid solution is expressed by
wi = paV
‘where Vy = 16.7 X 1077 m*¥mol and p, = (0, + o + a3,)/3 for plane strain conditions
oy =0p = K,I(./Z'nL)
ay = ¥(oy, + op) = 2vK,/,/21rL
At L (matrix)
w5 = 23(KJ2wL)(1 + v)Vy = 0.577 KL
where K;1s in MPaJ.';.
_lnler:;ction Energy of Matrix 5-Hydrides with the Applied Stress
" At L (matrix)
C = Vs Zoye, = =Viw K 2mLie, + en + )
for 8-hydndes e,, = 072, e = 00458, ey ‘f 00453

(W), = —09447 K/JL

where X; is in MPa/m and Viye = 16.3 X 10°* m¥mol.
At { (crack tip)

Wi = —Viu(3a,en + 1 8a,e1, + 2.40,ey)

(Wi = —6.6563a,

for 3-hydnde.
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DISCUSSION

Brian Cox' (written dtscusuon)—Onc of the questions that D. Franklin hoped to answer 1n
his introduction was whether DHC cracks could be initiated from smooth surfaces, given a
high enough stress maintained for a long enough time. Can you comment on whether or not
DHC cracks can be initiated at smooth surfaces, and the times and stresses needed to do this.

S. Sagat et al, {authors’ closure}—Early experiments by Cheadle and Ells? showed that
DHC cracks can bz initiated at smooth surfaces. In these experiments, smooth (smooth refers
to the original surface quality of the as-received pressure tube) cantilever beam specimens
were machined from cold-worked Zr-2.5Nb pressure tubes. Some of the specimens were
gaseously hydrided at 400°C to a hydrogen concentration of 40 to 120 ppm, the remainder of
specimens were tested with the as-recerved hydrogen concentration that was between 10 and
15 ppm. The specimens were tested in pure bending. After loading, the specimens were heated
to 300°C and then cooled to the test temperature to reorient some of the hydrides under the
applied stress. The as-received specimens were tested at 80°C and the hydnded specimens at
cither 150 or 250°C.

In specimens that contained 10 to 15 ppm hydrogen, cracks initiated at outerfibre stresses
>550 MPa, either at surface nicks or angular SiO, particles that were embedded to the surface
of the tubes by sand blasting operations used to clean the tubes during their fabrication. The
range of faillure times in these tests was between 53 and 6600 h.

In specimens with hydrogen concentration between 40 and 120 ppm, the crack initiation
was not associated with any surface flaws or embedded particles. In these specimens, the
cracks initiated at reoriented radial hydrides, near the surface of the specimen, at outerfiber
stresses =413 MPa at a temperature of 150°C, and at stresses =585 MPa at 250°C. The range
of failure times in these tests was between 2 and 1920 h.

In conclusion, crack initiauon by DHC at smooth (as-fabricated) surfaces in cold-worked
Zr-2.5Nb pressure tubes requires a large tensile stress at a surface asperity or hydrides close
to the surface and perpendicular to the stress direction.

C Lemaignan® (written discussion)—Is there any tendency for the hydrides to precipitate
in o, B phase or at the interface between the two?

S. Sagat et al. (authors’ closure}—The microstructure of cold-worked Zr-2.5Nb pressure
tubes consists of lath-shaped a-grains (hexagonal close packed) highly elongated in the axial
direction. The a-grains (with a thickness of about 0.5 pm) are surrounded by a continuous
network of body centered cubic B-phase (about 0.05 pum thick and comprising approximately
7% volume fraction). The original hydrides in this material are oriented parallel to the circumfer-
ential-axial plane along the o/f phase boundaries. Very few 8-grain boundaries are in the
radial direction. The precipitation of hydrides in the hexagonal a-phase is known to occur on
habit planes that are very close to the basal planes. The precipitation of hydrides in the
B-phase is to my knowledge not very well known. If there ts a crack present in the material,
the hydride will precipitate at the crack tip that in most cases is the a-phase. No systematic
study has been done to see what happens if the B-phase is at the crack tip. However, the DHC
crack does not seem to have any problems growing through both, the a and B-phase, as it
grows through the pressure tube wall.

YUniversity of Toronto, Toronto, Ontano, Canada
1Cheadle, B. A , “Crack Initiation in Cold-Worked Zr-2.5Nb by Delayed Hydrogen Cracking,” Proceed-
ings, Second International Congress on Hydrogen 1n Metals, Pans. 6-11/VU1977; also as AECL-5799.

ICEA, Grenoble, France
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Suresh K. Yagmk* (written discussion)—What is the &ypical hydrogen concentration at the
crack-tip for DHC mechanism? Is therc a threshold value for this?

S. Sagat et al. (authors’ closure}—The hydrogen concentration at the crack tip that is
required for DHC initiation has to be greater than the terminal solid solubility (TSS) limit of
hydrogen in zirconium for a given tcmperature. The Zr-2.5Nb material exhibits hysteresis
between the heatup and cooldown TSS. TSS is also affected by the applied stress. To derive
the required hydrogen concentration for DHC to occur, one has to chose the appropriate
TSS. A theoretical treatment of hydrogen solubility in zirconium alloys can be found in two
publications written by Puls.*¢

¢Electric Power Research Institute, Palo Alto, CA

spuls, M. P, “The Effect of Musfit and External Stress on Terminal Solid Solubility 1n Hydride-Forming
Metals.” Acta Metallurgica, Vol 29, 1981, pp. 1961-1968.

¢puls, M. P.. “On the Consequences of Hydrogen Supersaturation Effects in Zr Alloys to Hydrogen
Ingress and Delayed Hydride Cracking,” Journal of Nuclear Materials, Vol. 165, 1989, pp. 128-141.
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ABSTRACT: Zirconium alloys are susceptible to a stable cracking process called delayad
hydride cracking (DHC). DHC has two stages: {a) crack initiation that requires a minimum
crack dnving force (the threshold stress intensity factor, Ku) and (&) stable crack growth that
is weakly dependent on K. The value of Ky is an important element in determining the tolerance
of components to sharp flaws. The rate of cracking is uscd in estimating the action time fur
detecting propagating cracks before they become unstable. Hence, it is important for reactor
operators to know how these properties change during service in reactors where the components
are exposed 10 neutron irradiation at elevated temperatures. DHC properties weee measured on
a number of components, made from the two-phase alloy Zr-2.5ND, irradiated at temperatures
in the range of 250 to 290°C in fast ncutron fluxes (E = 1 MeV) between 1.6 X 10" and
1.8 X 10" n/m? - s to fluences between 0 01 X 10% and 9 8 X 10™ n/m’. The neutron irradiation
reduced Ky, by about 20% and increased the velocity of cracking by a factor of about five. The
increase in crack velocity was greatest with the lowest irradiation temperature. These changes
in the crack velocity by neutron irradiation are explained in terms of the combined effects
of irradiation hardening associated with increased <a>-type dislocation density, and B-phase
decomposition. While the former process increases crack vclocity, the latter process decreases
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Delayed hydride cracking (DHC) is a stable crack growth mechanism in zirconium alloys.
Hydrogen accumulates at a stress rajser. If sufficient hydrogen is present, hydrides form and,
if the stress is high enough, the hydrides fracture and the crack advances. The process is then
repeated until the crack becomes unstable. The two main characteristic parameters of DHC
are the crack velocity, ¥, and the threshold loading below which cracks do not grow; with
sharp cracks at moderate loads, linear elastic fracture mechanics is used, and the threshold
stress intensity factor is called Xy Neutron irradiation at some temperatures increases V and
reduces Ky [1,2]. At least two methods exist to evaluate the effect of irradiation on DHC: (1)
prepare appropriale specimens, then irradiate them in a reactor, or (2) machine specimens
from components removed from reactors for surveillance. In this paper, we descnibe the results
of experiments using both methods. Many cold-worked Zr-2.5Nb pressure tubes were removed
from CANDU power reactors as part of a planned large-scale retubing program and thus a
comprehensive evaluation program was possible. The objectives were 1o measure the effects
of irradiation fluence and irradiation temperature on V and Ky and to relate the results to the
microstructural changes produced by irradiation.

Experimental Procedure
Mazerial

Pressure tubes in CANDU reactors are made from Zr-2.5Nb alloy by hot extrusion of hollow
billets followed by 25% cold wark. The extrusion process results in a crystallographic texture
with the following resolved basal pole fractions: 032 (radial), 0.61 (transverse), and 0.07
(axial). The pressure tubes are about 6 m long and have an inside diameter of 103 mm and
a wall thickness 4.1 mm. They are joined to stainless steel end fittings by internal rolling.
The material used in these experiments came from 45 pressure tubes that were removed from
power reactors and from offcuts. The offcuts are small pieces of archived material cut off
from each end of a pressure tube prior to operation. The tubes were removed from different
lattice positions and sampled at diffcrent axial positions along the tube to provide a range of
urradiation fluences and temperatures, A schematic diagram of a pressure tube and related
terminology used throughout this paper are shown in Fig. 1. The rolled joint (R/J) regions are
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FIG. |—A schemaiic diagram of a fuel channel m CANDU reactor.
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defined as the pieces that are within about 200 mm from each end of the tube, and the remainder
of the tube is referred as the main body. . . .

Zr-2.5Nb material was also irradiated in a high flux reactor (OSIRIS) at Centre d’Etudes
Nucleaires de Saclay. The purpose of this irradiation was to achieve end-of-life fluences
substantially ahead of the life of the tubes in the reactors. Two materials were used for this
irradiation- standard, cold-worked Zr-2 SNb (tube H737) and Zr-2.5Nb material produced by
a modified route, TG3R1 (Task Group 3 Route 1 material developed at Ontario Hydro). The
TG3R1 pressure tubes were produced using a lower extrusion ratio and higher percent cold-
work than standard pressure tubes, and had an extra stress relieve at S00°C for 6 h after cold
drawing. Details about production routes for the fabrication of cold-worked Zr-2.5Nb tubes
arc given in Ref 3. About 1 atomic percent of hydrogen was added gaseously to these
materials prior to irradiation. To achieve a uniform distribution of hydrogen, the materials
were homogemized at 400°C for 72 h. The irradiation of H737 material was called ERABLE
and the irradiation of TG3R1 material was called TRILLIUM. Both irradiations have been
carried out at a temperature of 250°C. i

Specimens

Two types of specimens were prepared from the tubes: (1) cantilever beam (CB) and (2)
curved compact toughness (CCT) specimens, Fig. 2. The CB specimens were used for measunng

(A)

(B)

FIG. 2—Curved compact toughness (A} and cantilever beam (B) specimens used in DHC fests.



38 ZIRCONIUM IN THE NUCLEAR INDUSTRY: TENTH SYMPOSIUM

Vand Ky in the radial direction, and the CCI specimens for measuring V 1n the axial direction.
Cracks were started in CB specimens from 0.5-mm-deep notches machined on the inside surface.
The CCT specimens were fatigue pre-cracked. Because the initial hydrogen concentration in
the specimens was low, hydrogen was added to some specimens electrolytically to allow testing
up to 290°C. In this technique a layer of solid zirconium hydride is deposited on the surface
of the specimen. The specimen 1s then homogenized at a solvus temperature corresponding
to the required hydrogen concentration. This treatment results in uniform distribution of fine
hydrides through the bulk of the specimen.

Experimental Techniques

Crack velocity of DHC is sensitive to the temperature history; the maximum value of V is
attained by cooling (without undercooling) to the test temperature from above the solvus
temperature of hydrogen in zirconium {4]. Thus, a standard procedure for measuring V was
developed as shown in Fig. 3. To minimize annealing of irradiation damage, the maximum
peak test temperature in irradiated material should not be greater than the irradiation temperature
plus 1G°C. The load can be applied either at the end of the high temperature soak, or after
atraining the test temperature. The latter avoids premature cracking during cooling and allows
an accurate evaluation of the time to crack initiation. The loads applied should be within
ASTM criteria for linear elastic fracture mechanics, that is, ASTM Test Method for Plane-
Strain Fracture Toughness of Metallic Matenials (E 399-90). CB specimens were loaded in

lood
Tirr+10°C
9.:'; - Ts (heating)
r= 1-3°C/min
L
-4 1/2°h
" E ~3°C/m
5 /rn
-
no undercooling load. 12~30 MPovm
> 1°C
Time
IS hd crack growth
direction
. [ NOTCH
crack
stort |,/ | ~DHC CRACK 1
U “1-%v

Ogy = Afw

FIG. 3—Standard temperature and loading history for DHC testing,
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'
¢

bending and cracking was detected by acoustic emission [5]. CCT specimens were dead weight

loaded in tension in a creep frame and cracking was monitored by a d-c potential drop method

[6). The cracks were grown from about 0.5 to 2.0 mm. Crack velocity was derived from the

average crack depth divided by the time over which steady cracking occurred. Crack depth

was defined as the area of DHC, delineated by heat-tinting, divided by the specimen thickness
In the literature, two methods of determining K, have been described as follows:

1. A number of spcc:mens are Ioaded to dxffcrent K; and :ncubauon umcs for cracking
are measured; K is estimated by a projection to infinite time (7]. ‘Measuring K,y using
this technique takes several years, but providcs realistic values.

2. One specimen only is used and K}y is measured over a relatively short period of time
by either increasing the load until cracking starts or decreasing the load until cracking
ceases [5,8]. - ’

The method we have standardized on for quick comparisons is based on decreasing the
load. After the standard temperature cycle, the specimen is loaded to 17 MPa/m. Once cracking
is initiated, the K; is reduced 2% per 5 pm of crack growth, derived from the calibration of
the acoustic emission through an automatic feedback system [5]. The load is reduced until
acoustic emission stopped and no further indications are obtained for at least 24 h. Ky, is
derived from this final load and the average crack depth.

Experimental Errors

The main sources of errors in the measurement of DHC velocity are:

1. uncertainty in the determination of the time for steady cracking, and
2. uncertainty in the determination of the crack depth.

It takes a certain amount of time, called incubation time, before cracking starts. Before
steady crack growth is attained, the cracking may go through a transient period, during which
the cracking may be erratic or intermittent. Neither the incubation time nor the transient time
should be included in the crack velocity calculation. The uncertainty in determining the time
of steady cracking depends on the sensitivity of the acoustic emission or potential drop
techniques and on estimating the onset of steady cracking, which is not always clear-cut.

Crack propagation is not always uniform across the specimen section; hence, the average
crack depth, derived hy dividing the cracked area by the specimen thickness, is sensitive to
the crack shape. Crack velocity in nonuniform cracks and cracks that tunnel excessively, may
be different from those in uniform cracks, even if crack areas are the same.

The errors arising from temperature and load measurements are small in comparison with
the errors in determining crack depth and time of cracking.

Based on data, we estimate that the error in measurement of DHC velocity is +25% and
+50% from the mean, in unirradiated and irradiated material, respectively.

. The crror in the mecasurement of Ky, using the standard load reducing method, depends on

the following:

uniformity of DHC crack,

accuracy of acoustic emission equipment,
accuracy of load measurement, and

the required “wait time” of no cracking.

Falbadl sl
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As far as the crack shape js conce med, similar arguments apply to K, tests as those discussed
for crack veloctty tests. In a Ky test, 1t is absolutely mandatory that the acoustic emission
equipment 1s not noisy, because each time false counts are recorded, the load is reduced and
this lcads to underestimating Ky

An accurate load measurement is important because the loads are very small when Ky

15 approached.
We_estimate the error in measuring K, using the load reducing method, 1o he +1

MPa/m (£15%).

Microstructural Examinations

The microstructure of cold-worked Zr-2.5Nb consists of flat, a-zirconium grains surrounded
by thin layers of continuous B-zirconium, Fig. 4. To study the evolution of the microstructure,
notably the decomposition of the B-phasc during the irradiation, and the evolution of the
dislocation substricture, X-ray diffraction (XRD) was used; transmission electron microscopy
was not able to resolve the changes occurring in the B-phase or cvaluate the dislocation
substructure quantitatively Specimens for analysis by XRD were prepared by cutting thin
shices from the tube perpendicular to each of the three principal tube axes, that is, longitudinal
normal (LN), transverse normal (TN), radial normal (RN). The LN(1010)a, TN(0002)ct,
LN(110)B, and RN(200)B diffraction lines were measured using a Rigaku rotating anode
diffractometer, with CuK, radiation. The RN(1120)a diffraction lines were measured using a
Siemens diffractometer also operating with CuK, radiation. The line shapes of the X-ray
profiles for the a-phase were analyzed using the Fourier method and these were interpretted
in terms of dislocagion density for <a>-type and <c>-component dislocations [9,70).

Results

The factors that affect DHC were expected to be irradiation fluence, irradiation temperature,
test temperature, and direction of testing on the plane normal to the transverse direction.

¥ Continuous
i~ B—phase

FIG. 4—Microstructure of cold-worked Zr-2.5Nb pressure tube.
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Effect of Irradiation Fluence

The effect of irradiation fluence was studied on specimens prepared from the R/J and main
body regions of pressure tubes removed from power reactors, and on specimens from the end-
of-life irradiations in France. DHC velocities in both the radial and axial 'directions were
determined as a function of fluence. Tensile properties in the transverse direction were deter-

mined as a function of fluence. .
In the R/J region, the crack velocity increased rapidly with fluence, Figs. 5 and 6. The

results from the end-of-life irradiations (TRILLIUM and ERABLE) showed 2 weak dependence
of the crack velocity on fluence, Fig. 6. In specimens from the main bodies of pressure tubes,
the crack velocity was three to five times higher than that of unirradiated material and was
found to be independent of fluence, Figs. 5 and 6. These observations suggest that the eflect
of irradiation saturates at about 1 X 10% n/m®. The yield stress follows a similar behavior,
Fig. 7 [{1], it salurales at about 03 X 107 n/m’, '

Effect of Irradiation Temperature .

In CANDU reactors, the temperature along the channel increases from about 250°C at the
inlet end to about 290 to 300°C at the outlet end As shown in Figs. 5 and 6, the crack
velocities are higher at the inlet end than at the outlet end. Figures 8 and 9 show the crack
velocity as a function of position along the fuel channel. The velocity drops off sharply towards
the R/Js and decreases gently from the inlet end towards the outlet end. These results are
obtained on 45 pressure tubes and the scatter includes tube-to-tube variability.

Direction of Testing

Shapes of cracks in early Pickering and Bruce reactors indicated that the rate of crack
growth in the axial direction of the tube is about twice that in the radial direction. This
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FIG. 5—Dependence of axial DHC velocity on wrradiation fluence (test temperature 130°C)
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7 CRACK VELOCITY, m/s (1E-9)

6 O  unirrodiated P/T x
X Inlet{0 08 to 2 m) X
5L 2 Outtet(d to 61 m) ) o
U Tnllium
. -
s @ Erable A
o Mode! A
3t &L = ~
X A
L —- - - == - — - A‘—.\(A'— —
2} , &g © a
Oy a
1 .
0 L 1 L S 1 1 1 i y]
~1 0 1 2 3 4 5 33 7 . ] 9 10

FLUENCE (10%) n/m?
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FIG. 8—Variation of axial DHC velocity along pressure tube (test temperature: 130°C).
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observation was confirmed in a round-robin test performed at Chalk River Laboratories (CRL),
Whiteshell Laboratories (WL), and Ontario Hydro Research Division (OHRD). Standard,
unirradiated Zr-2.5Nb pressure tube material with two hydrogen concentrations, 0 36 and 0.50
atomic percent, was used in this round robin. WL and OHR used CCT specimens and measured
crack velocity in the axial direction of the pressure tube, and CRL used CB specimens and
measured crack velocity in both the radial and axial directions. The objective of this round
robin was to determine the variability in crack velocity between CCT and CB specimens and
to determine the effect of crack growth direction on DHC velocuty. In general, there was good
agreement between all three laboratories in the axial crack velocity measurements, which
confirmed that the specimen type was not a factor in crack velocity determination. The
experimental uncertainty in the results from all three Jaboratories was less than 25% of the
mean at a given hydrogen concentration and crack growth direction. The crack velocity in the
axial direction was found to be 1.7 to 1.9 times higher than that in the radial direction, Table 1.

Crack vclocitics were also mcasurcd, in both the radiol and axial dircctions, on the 45
pressure tubes removed from different lattice positions in four power reactors. The majority
of the tubes from the power reactors had low hydrogen isotope concentrations (0.05 to 0.1
atomic percent) and had to be tested at temperatures between 120 and 140°C. Some tubes had
high hydrogen isotope concentrations at the outlet end, and some specimens were hydrided
electrolytically to allow testing up to 300°C.

To measure the radial velocity, cantilever beam specimens were prepared from different
axial posttions of these tubes. [he temperature dependence of the crack velocity followed an
Arrhenius relationship as shown in Fig. [0. A least-squares regression produced the following
expression for V in m/s

Vr = 0.0863 exp(—58/RT) (¢))]

where

R = 8314 X 107 kJ/mol,
T = the absolute temperature, and 95% confidence limits are a factor of =2 6 from the mean.

Crack velocities, measured on the offcut material from two tubes, are grouped around the
lower bound line of the imradiated material, Fig. 10. In these tests, many specimens were
prepared from sections near the inlet and outlet ends of pressure tubes. Comparing crack
velocities in these sections, 1t was observed that those coming from the inlet sections had
consistentty higher crack velocities than those from the outlet sections, as shown in Fig. 11.
The average crack velocity at the inlet end is about twice that at the outlet end. The least-
square regression analysis gave the following expression for the mean V, in m/s, for inlet and

outlet, respectively

TABLE \—Comparison of axtal (V,) and Radial (Ay) velocines determined ai CRL.

H concentration,

atomic % Test Temperature, °C Axial V, m/s Radial V. m/s ViV
0.5 250 18X 10'+31 61X10'%13 1.9
0s 200 23X 10015 12X 10"x016 19
036 250 59X 10'*087 35X10**+046 17
036 200 22X10"+023 13X 10*=017 17
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FI1G. 10—Temperature dependency of radial DHC velocity

Vea = 0 169 exp(—59/RT) ' @

with 95% confidence limits equal to 2 factor of 1.7 from the mean, and

Viaow = 0 068 exp(—58/RT) (&)

with 95% confidence limits equal to a factor of *2.1 from the mean. °
Figure 12 shows the temperature dependence of the axial crack velocity. The least-square

analysis gave the following expression for the mean V, in m/s

Vi = 402 X 1073 exp(—43/RT) @)

with 95% confidence limits equal to a factor of £2.3 from the mean.
These results show that the temperature dependency of V in the axial direction is smaller

than that in the radial direction, Fig. 13. At low temperature, V3 > Vj, but at 300°C, both
velocities have about the same value.
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FIG. | 1—Dyference between radial DHC velocity at the outlet and inlet ends of pressure tube.

Threshold Stress Intensity Factor

The threshold stress intensity factor, Ky, was measured using the load-reducing method on
several tubes removed from reactors and on their offcuts, The results showed a small decrease
in Ky as the fluence increased to about 1 X 10® n/m?, but no decrease in Ky was observed
with further increase In fluence, Fig. 14. The average Ky in _the offcuts was 7.5 =
1.3 MPaJ/m and, in the irradiated material, it was 6.2 = 0.9 MPaJm at the 95% confidence
level. Within the temperature range of 140 to 250°C, X, remained constant, Fig. 15.

Microstructural Examinations

XRD analysis shows that ennichment of the 3-phase by mobium occurs during service and
increases significantly from the inlet toward the outlet, Fig. 16. The enrichment is the result
of a gradual decomposition of metastable 20 to 40 atomic percent niobium-enriched B-Zr
towards a stable 3-Nb phase about 88 atomic percent ntobium at 300°C. X-ray diffraction
indicates a variation 1n <a>-type dislocation density along the length of the tubes, being highest
at the inlet end and decreasing by about 20% toward the outlet end, Fig. 17. The data from
samples taken from within 0 5 m of the centers of the tubes show that the <a>-type dislocation
density has saturated by fluences of about 2 X 10® n/m®, Fig 18.
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Discussion

The results are summarized as follows. The crack velocity, V, of DHC in cold-worked
Zr-2.5Nb is increased by a factor of up to five times, and Ky is slightly reduced by neutron
irradiation. The effects saturate after about 1 X 10% n/m? V decreases with increase in irradiation
temperature. In unirradiated material, Vin the axial direction is twice that in the radial direction,
but in irradiated material, the dependence of V on direction changes with testing temperature.
Neutron irradiation produces damage in the crystal lattice of Zr-2 5Nb in the form of predomi-
nantly type-<a> dislocation loops that harden the material. The irradiation hardening saturates
at a fluence of about 2 X 102 n/m? and so does the yield stress. The -phase decomposition
is controlled by the irradiation temperaturc—the higher the temperature, the greater is the
decomposition Both the yield stress and the state of the B-phase decomposition have been
shown to affect DHC velocity [72,13). The results will be discussed in the context of these obser-

vations.

Effect of Irradiation Fluence

The effect of irradiation fluence on DHC can be explained by the theory of delayed hydride
cracking developed by Dutton and Puls [14], and later improved by Puls [8,75] and Ambler
[16). According to this theory, when there is a hydnide present at the crack tip, its rate of
growth is determined by the rate of diffusion of hydrogen into the crack-up region. The driving
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FIG. 13—Comparison between radial and axial DHC velocity.

s

forces for diffusion are: hydrogen concentration gradient, stress gradient, and thermal gradient.
The theory assumes that the crack velocity is equal to the rate of growth of the bydride at the
crack tip. The rate of diffusion of hydrogen atoms, dN/dt, into the cylinder of umt length and

radius, 5 is

%}—'Y = ~2nrly (5)

where Jy is the hydrogen flux (atoms - m™? - s7').
Assuming that the crack velocity is equal to the rate of growth of the hydride at the crack

tip, the crack velocity, da/dt, can be wntten as

-2nr),
da Sy ©)

dt (lﬂ,N"

where

a = the thickness to length ratio of the hydride,
aa, = the thickness of the hydnde at fracture, and
Ny = the atomic density of the hydride
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Substituting for hydrogen flux

- D,C
J,,- oCo

(EL E1)

the crack velocity, da/dt, can be written as

da 2wDyGy

o Dea N (E.— E)

where

E, = ex {(W}"‘)u + (Wf)u}
R W

‘1o E Vit 00,
b= I 7

The remaining parameters in Eqs 5 to 10 are given in Appendix 1.
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FIG. 15—Temperature dependency of K.

In this model, the effect of irradiation fluence can be accounted for through the value of
the yield stress of the matenal as shown by Puls [15]. There are two terms that are sensitive
to yield stress: the position of the maximum stress, a,, and the interaction energy of the crack-
tip hydride with the locally applied stress, (w)),. a, is related to the plastic zone size at the
crack tip that depends on the yield stress. (wf) = —6.664, for 5-hydrides. Using the average
yield stress from Fig. 7, the model predicis an increase in the mean DHC velocity due to the
irradiation hardening to be a factor of about 3, Fig. 19. The curmrent model does not account
for either the direction of the crack growth or for the decomposition of the B-phase. However,
as diffusion data become available for the anisotropic microstructures of pressure tubes, the
model can be expanded to include the crack growth in two-phase material in both the radial
and axial directions.

Crack velocity in unirradiated cold-worked Zircaloy-2 1s much lower than that in Zr-2 SNb
[2,17]. Results of experiments show that irradiation to a fluence of 7.7 X 10* n/m? increases
the crack velocity in Zircaloy-2 by a factor of 50, making it similar to that of irradiated
Zr-2 5Nb, Fig. 19 (for Harvey tubes in Ref 2 that had a similar texture to that of standard
Zr-2.5Nb pressure tubes). Using an increase in yield stress from 350 to 600 MPa from irradiation
[18], and the diffusion coefficient for a-Zr, the preceding model predicts an increase in the
crack velocity, but only by an order of magnitude. Clearly, the increase in yield stress alone
cannot fully account for the observed behavior in Zircaloy-2.
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]

A conceptual model for Ky, was recently developed [79). The theoretical expression for Ky
is given in terms of the elastic constaats, the yield stress of the material, the hydride fracture
stress (of), and the thickness of the crack-up hydnde (f) as follows

_ E-1 0.043E - €,
ool 7]

Ii-2v o

-v-q an

where

o, = the yield stress of the material, and

~ = a constant (~0 025).
Other parameters in this equation are defined in Appendix L The values of Ky calculated by
this model are smaller than those measured experimentally, Table 2. The model assumes that
the crack-tip hydride covers the entire fracture surface. The higher values measured in experi-
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ments were assumed to be caused by the fact that the hydndes may not cover the whole front
of the crack and the expenmental K5;? was related to the theoretical Ky as follows

Kig = fKm + (1 = )X, (12)
where

f = the fraction of hydnde coverage at the crack tip, and
K; = the initiation fracture toughness of the matrix (zirconium alloy) material.

Substituting Ky = 3.7 MPa/m, K¢ = 6.2 MPa/m, and K, = 30 MPa/m into Eq 12, fis 0.9,
that is, hydrides should cover nearly all of the area ahead of the crack tip. Our preliminary
results baced on metallngraphic examinations of hydrides at crack tips show that, at low values
of K, (near K;;), the hydrides are well developed and continuous, However, further examinations
need to be done to quantfy the state of the crack-tip hydrides more accurately.

The model predicts a slight reduction in Ky with irradiation that agrees with experimental
results. This reduction is mainly due to an increased yield stress by neutron irradiation in the
wradhated material. Our preliminary results on unirradiated Zr-2.5Nb indicate that a material
with a lower yield stress has a higher value of Ky, but most of such material also has a
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FIG. 18—Variation of dislocation density as a function of fluence for samples of Zr-2.5Nb pressure
tubes taken from within 0.5 m of the center line of the reactors. .

different crystallographic texture, hence, the effect of yield stress alone cannot be easily
isolated. Clearly, the relationship between K and yield stress in unirradiated Zr-2.5Nb material

needs to be established.

Effect of Irradiation Temperature

It has been shown that the diffusion coefficient in the pure B-phase is about two orders of
magnitude above the diffusion coefficient in a-phase [20,27]. In two-phase, cold-worked
Zr-2.5Nb material, the presence of the B-phase enhances (up to an order of magnitude) the
hydrogen diffusivity, compared with that in the a-phase. Experiments have shown that the
crack velocity in Zr-2.5Nb alloy is greater in the material with the continuous B-phase than that
in materials with decomposed B-phase [/3,2/]. These observations can be used in explaining the
different crack velocities at the inlet and outlet ends of irradiated pressure tubes. The DHC
experiments showed higher crack velocities at inlet ends of irradiated pressure tubes than at
the outlet ends, while X-ray diffraction showed a smaller degree of B-phase decomposition
at inlet ends than at outlet ends, Figs. 5, 6, 11, and 16. The profile of the crack velocity in
an irradiated pressure tube, Figs. 8 and 9, is mainly the result of differences in the B-phase
decomposition along the tube, Fig. 16, and to a lesser degree because of decreasing irradiation

hardening, Fig. 17.
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TABLE 2—Predicted and measured Ky values in unirradiated and trradiated Zr-2.5Nb materials

Predicted Ky, Measured

Temperature, °C MPa,/; Kop, MPa,/E
UNIRRADIATED
150 4.1 7513
250 53 75+ 13
IRRADIATED
150 3.7 6209
250 . 46 62*09

3
'

Temperature Dependence of DHC Velociry

The temperature dependence in the DHC model derives primarily from the sum of the
activation energies for diffusion and solubility contained in the D,Cy product, which is 70 kJ/
mol, Appendix I. A secondary effect comes from the temperature dependence of the yield
stress, which reduces the total activation energy for DHC to about 60 k¥mol, Fig. 19. DHC
experiments have shown that the crack velocity follows an Arthenius type of relationship with
temperature, for Zr-2.5Nb alloy

CRACK VELOCITY, m/s

o ¢ '
1078 E D irred zwrc -2 {2]
E ~ A Uerr Zire.~2 [2]
P~ ~~ = Model, Unicradiated
Lo ~ — Model, Irradiated
10“7“:' ~, Q ~ <- Zr—2 5Nb, Q=58 1Jd/mol
B ~
N
;8 F
10 i ~
o
: S~
E ~
C ~
10 3F a
F300°C 250°C 200°C 150°C 120°C
16’ g . ! I t 1 ? ! 1 I
1.7 18 19 2 2.y 22 23 24 25 26 27
1000/7, 1/K

FIG. 19—Companison between DHC velocities in Zr-2.5Nb and Zircaloy-2.
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V=A exp(—k%,) (13)

with the coefficients listed in Table 3. All unirradiated materials, but one {7], have temperature
dependencies in the range from 58 to 72 kJ/mol, which is reasonably close to the theoretical
value. The results in Ref 7 were not obtained using the standard temperature cycling procedure.
Most of the unirradiated matenals have the B-phase decomposed from homogenization treat-
ment at 400°C for several days after gascous hydriding, hence, the cracking in both directions
is governed mainly by the diffusivity and solubility in the ae-phase. In the radial direction, the
temperature dependence of cracking of the irradiated material is similar to that of unirradiated
material, suggesting that the factors that dominate the temperature dependence, solubility and
diffusivity in the a-phase, are not much affected by radiation. Lower temperature dependence
of the axial crack velocity in the irradiated matcrial can be explained in terms of the contribution
of the B-phase (which is only partially decomposed in the irradiated material) to the diffusion
of hydrogen in this direction (the activation energy for diffusion in the B-phase 1s lower than
that in the a-phase [20,.21]). These ideas are being explored in our current research programs.

Conclusions

1. Neutron irradiation increases the velocity of DHC in cold worked Zr 2.5Nb by n factor
of 3 to 5 times, and reduces Ky by a small amount, about 20%. The effect of irradiation
saturates at a fluence of about 1 X 10 n/m%.

2. Temperature dependence of the crack velocity in both the radial and axial directions
in the unirradiated material, and in the radial direction in the irradiated material, follows the
theoretical predictions based on a diffusional model for the a-phase and the change in yield
stress with temperature and irradiation. In the axial direction, the dependence on test temperature
does not follow the theory based on diffusion in the a-phase; the theory needs to incorporate
a two-phase (a + B) diffusion model.

3. Crack velocity decreases with irradiation temperature primarily through the change in
the configuration of the B-phase and, secondanly, through changes in dislocation density.

TABLE 3—Temperature dependence of DHCV velocity for unirradated and irradiated
Zr-2.5Nb material

Direction A Q. kJ/mol - Ref
UNIRRADIATED
Radual* 69 x 107 72 G R
Radial* 2.1 %10 - 59 " this paper
Radial* 40 X 1072 58 . - this paper
Radial* 14x10° 42 7]
Axial* 1.5 X 107! 66 81
Axial 53x 107 60 this paper
IRRADIATED

Radial" 86 X 01! - y 58 this paper
Axial 4.0 x 01°? 43 this paper

*Hydrogen was added gaseously at 400°C followed by homogenization at 400°C for 72 h
*The material was in the autoclaved condrtion, that is, it was heated at 400°C for 24 h.
‘Some iradiated specimens had hydrogen added electrolytically at 90°C followed by solution treatment

at 290°C for 14 days.
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APPENDIX 1

Parameters used in DHC Model

2
G
O

a

at

Ny

wi

O
(e
Wil
wil

X

Ox

2.1'7 X 107" 1s a pre-exponential term 1n the expression for the diffusion coefficient
of hydrogen in zirconium: Dy = 2.17 X 1077 exp(—35 100/RT) m¥s

10.2 is a pre-exponential term in the expression for the concentration of hydrogen
in solid solution when there is no cxtemal stresses: Ch = 10.2 exp(—35 000/RT)
atomic %

2.3 X 107® matom is the atomic volume of zirconium

The thickness to length ratio of the hydride

The distance from the crack tip to the position of the maximum stress = (0.144 X Ja,)?
6.13 X 10® atom/m?® is the atomic density of the hydride

0.577(X /Jr) J/mol 1s the molal interaction energy of the stresses with the hydrogen
in solid solution

35 100 J/mol is the activation energy for diffusion of hydrogen in zirconium from
ihe expression for Dy

4912 J/mol is the molal elastic strain energy of the matrix and fully constrained 3-
hydrides with plate normals parallel to direction [0001])

=0.9447(K/JL) J/mol is the interaction energy of matrix 5-hydrides with the
applied stress

~66563 o, J/mol is the interaction energy of crack-tip 8-hydrides with the
applied stress

1.66 is the mole fraction of hydrogen in ZrH, & hydride

35 kJ/mol 1s the activation energy of the equilibrium hydrogen concentration given
in the expression for Cj;

The Mode [ stress intensity factor in MPa\/E

The Poisson’s ratio in zirconium = 03

16.7 X 107" m¥mol is the partial molar volume of hydrogen in zirconium

16.3 X 107 m*/mol is the molal volume of hydride with a composition ZrH,

25 100 J/mol is the heat of transport of hydrogen in zirconium

The stress-free strain of the hydnde in the y direction = 0.054

Young's modulus in the transverse direction = 10247 — 0011 743 T —~ 8.068 69
X 107 T2, where £ is in GPa and T is 1n °C

The hydride fracture stress = 0.007 357 E

The expressior;s marked by a dagger (1) are denved in Appendix IL
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APPENDIX 11 L 4

.

Derivation of formulas marked by a dagger (1) in Appendix 1.

Position of the Maximum Stress, a_ . i R

The maximum stress, a,, is assumed to be equal to the position of the maximum stress in
the plastic zone that is derived by cquatng the hydrostatic stress at the crack np, Ps» 0 that
in the matrix and then solving for r (r is defined in Fig. 20)

Py = —(an + on + apV3 = =Yy (Kl f2mr)(1 + v) = —0.346 K,Nr
According to Rice and Johnson {22], the maximum hydrostatic stress is

pl) = —240, .

hence, - . F I

24 o, = 0346 K/Jr s

’ - : . \ N

solving for r

CRACK TIF
HYDRIDE

r=l

4
o

FIG.20 Crack geometry.

MATRIX
HYDRIDE -
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1) = (0.144 K Ja,)?
where g, is 1n Mpa and K, 1n MPafrE

Molal In(em}:tior} Energy of the Stresses
The molal interaction energy of the stresses with the hydrogen in solid solution is expressed by
A

wi = PV

'

where Vy = 16.7 X 107 m¥mol and p, = (0, + on + on)/3 for plane strain conditions
B ou = op = KJ(J2nL)
. on = V(o + on) = 2vl(,/J2'rrL

At L (matrix)

w5 = 2KS2TLN + VIVy = 0577 Ki4JL

where K is in MPaf;.

Interaction Energy‘of Matrix 5-Hydrides with the Applied Stress
At L (matrix)
+ i

(W:n)l, = —‘Vy.,.g zoye.,. .= _VN* K,I./an.(e“ + ey t+ ey)

for 5-hydrides e,, = 072, e = 00458, ey, = 0.0458
; Wiy = —09447 K/JL

where K, is in MPa/m and Vi, = 163 X 107 m”mol.
At { (crack tip)

' (W.n)l = _Vh,a(3(7,e" + 1 80’,821 + 2.40’,8];)

(W = —6 65630,

for 8-hydnde.
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DISCUSSION

Brian Cox' (wnitten discussion)}—One of the questions that D. Franklin hoped to answer in
his introduction was whether DHC cracks could be imtiated from smooth surfaces, given a
high enough stress maintained for a long enough time. Can you comment on whether or not
DHC cracks can be instiated at smooth surfaces, and the times and stresses needed to do this

S. Sagat et al. (authors’® closure}—Early experiments by Cheadle and Elis? showed that
DHC cracks can be initiated at smooth surfaces. In these experiments, smooth (smooth refers
to the original surface quality of the as-received pressure tube) cantilever beam specimens
. were machined from cold-worked Zr-2.5Nb pressure tubes. Some of the specimens were

gaseously hydrided at 400°C to a hydrogen concentration of 40 to 120 ppm, the remainder of
specimens were tested with the as-received hydrogen concentration that was between 10 and
15 ppm. The specimens were tested in pure bending. After loading, the specimens were heated
to 300°C and then cooled to the test temperature to reorient some of the hydrides under the
applied stress. The as-received specimens were tested at 80°C and the hydrided specimens at
either 150 or 250°C.

In specimens that contained 10 to 15 ppm hydrogen, cracks initiated at outerfibre stresses
>3550 MPa, either at surface nicks or angular $10; particles that were embedded to the surface
of the tubes by sand blasting operations used to clean the tubes during their fabneation. The
range of failure times in these tests was between 53 and 6600 h.

In specimens with hydrogen concentration between 40 and 120 ppm, the crack initiation
was not associated with any surface flaws or embedded particles. In these specimens, the
cracks initiated at reoriented radial hydrides, near the surface of the specimen, at outerfiber
stresses =413 MPa at a temperature of 150°C, and at stresses =585 MPa at 250°C. The range
of failure times in these tests was between 2 and 1920 h.

In conclusion, crack initiation by DHC at smooth (as-fabricated) surfaces in cold-worked
Zr-2.5Nb pressure tubes requires a large tensile stress at a surface asperity or hydrides close
to the surface and perpendicular to the stress direction.

C Lemaignan® (wnitten discussion)—aIs there any tendency for the hydrides to precipitate
in a,  phase or at the interface between the two?

S. Sagat et al. (authors’ closure}—The microstructure of cold-worked Zr-2.5Nb pressure
tubes consists of lath-shaped a-grains (hexagonal close packed) highly elongated in the axial
direction. The a-grains (with a thickness of about 05 pm) are surrounded by a continuous
network of body centered cubic B-phase (about 0 05 wm thick and comprising approximately
7% volume fraction). The original hydndes in this material are oriented parallel to the circumfer-
ential-axral plane along the o/f phase boundaries. Very few B-grain boundaries are in the
radial direction. The precipitation of hydrides in the hexagonal a-phase is known to occur on
habit planes that are very close to the basal planes. The precipitation of hydrides in the
B-phase is to my knowledge not very well known, If there is a crack present in the material,
the hydride will precipitate at the crack tip that in most cases is the a-phase. No systematic
study has been done to see what happens if the B-phase is at the crack tip. However, the DHC
crack does not seem to have any problems growing through both, the a and B-phase, as it
grows through the pressure tube wall,

' University of Toronto, Toronto, Ontano, Canada.
ICheadle, B. A , “Crack Inutiation in Cold-Worked Zr-2.5Nb by Delayed Hydrogen Cracking,” Proceed-
ings, Second International Congress on Hydrogen in Metals, Paris, 6-11/VI/1977; also as AECL-5799.

ICEA, Grenoble, France
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Suresh K. Yagnik* (written discussion}—What is the typical hydrogen concentration at the
crack-tip for DHC mechanism? Is there a threshold value for this?

S. Sagat et al. (authors® closure}—The hydrogen concentration at the crack tip that is
required for DHC initiation has to be greater than the terminal solid solubility (TSS) limit of
hydrogen in zirconium for a given temperature. The Zr-2.5Nb material exhibits hysteresis
between the heatup and cooldown TSS. TSS is also affected by the applied stress. To derive
the required hydrogen concentration for DHC to occur, one has to chose the appropriate
TSS. A theoretical treatment of hydrogen solubility in zirconium alloys can be found in two
publications written by Puls.’®

‘Electnc Power Research Institute, Palo Alto, CA

SPuls. M P, “The Effect of Musfit and External Stress on Terminal Solid Solubility in Hydride-Forming
Metals.” Acta Metallurgica, Vol 29, 1981, pp 1961-1968.

$Puls, M. P., “On the Consequences of Hydrogen Supersaturation Effects in Zr Alloys to Hydrogen
Ingress and Delayed Hydride Cracking,” Journal of Nuclear Materials, Vo). 165, 1989, pp 128-141.



