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ABSTRACT

In the Canadian Nuclear Fuel Waste Management Program, it is proposed that nuclear fuel waste
be placed in a durable container and disposed of in a deep underground vault. Consideration of
various disposal-container designs has identified either titanium or copper as the material suitable
for constructing the container shell. As part of the R&D program to examine the structural
integrity of the container, creep tests are being conducted on commercially pure titanium and
oxygen-free copper. This report presents the preliminary data obtained. It also describes the
evaluation of various constitutive equations to represent the creep curves, thus providing the
basis for extrapolation of the creep behaviour over the design lifetime of the container. In this
regard, a specific focus is placed on equations derived from the 0-Projection Concept.
Recognizing that the container lifetime will be determined by the onset of tertiary creep leading
to creep rupture, we present the results of the metallographic examination of creep damage. This
shows that the tertiary stage in titanium is associated with the formation of transgranular cavities
within the region of localized necking of the creep specimens. In contrast, creep damage in
copper is in the form of intergranular cavities uniformly distributed throughout the gauge length.
These results are analyzed within the context of the extant literature, and their implications for
future container design are discussed.
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RÉSUMÉ

Dans le Programme canadien de gestion des déchets de combustible nucléaire, on propose
de placer les déchets de combustible nucléaire dans un conteneur durable stocké de façon
permanente dans une installation souterraine profonde. La prise en compte de divers types
de conteneurs de stockage a permis de fixer les choix sur le titane ou le cuivre comme
matériaux appropriés à la fabrication de l'enveloppe du conteneur. Dans le cadre du
programme de R et D mis sur pied pour étudier l'intégrité structurale du conteneur, des
essais de fluage sont effectués sur du cuivre exempt d'oxygène et du titane
commercialement pur. Le présent rapport présente les données préliminaires qui ont été
obtenues. On y fait aussi l'évaluation de diverses équations constitutives servant à
représenter les courbes de fluage, établissant ainsi la base de l'extrapolation du
comportement au fluage pour la durée de vie prévue du conteneur. De ce point de vue, on
s'intéresse tout spécialement aux équations déduites du concept de projection-9. En
admettant que la durée de vie du conteneur sera déterminée par l'amorce du fluage tertiaire
menant à la rupture due au fluage, nous présentons les résultats de l'examen
métallographique de la détérioration due au fluage. Cela montre que le stade tertiaire du
titane est associé à la formation de cavités transgranulaires dans la région de striction
localisée des éprouvettes d'essai de fluage. En comparaison, la détérioration due au fluage
du cuivre prend la forme de cavités intergranulaires distribuées uniformément sur toute la
longueur entre repères. Ces résultats sont analysés dans le contexte de la documentation
scientifique actuelle, et on examine leurs répercussions sur les futurs modèles de
conteneurs.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, it is proposed that used fuel from CANDU®
reactors be permanently disposed in a deep underground vault excavated to a depth of 500 - 1000 metres
in a plutonic rock formation. Within this waste management concept, the fuel bundles would be first
sealed into a suitable container. The design of these containers has been discussed by Johnson et al.
(1994), the results of an extensive R&D program providing a guide for the selection of materials suitable
for container manufacture. Based primarily on the requirement for superior resistance to corrosion by
groundwater in the vault, commercially pure titanium and oxygen-free copper have been selected.

In addition to the corrosion durability, attention has been given to the structural integrity of the container,
recognizing that hydrostatic pressures (-12 MPa) can develop with time, as a result of the excavated
vault becoming resaturated with water. Consequently, the container must have sufficient mechanical
strength to prevent gross plastic deformation that may compromise its integrity. Taking into account the
required design lifetime of the container (500 years minimum), consideration must be paid to its long-
term structural performance, particularly the possibility of time-dependent creep deformation.
Accordingly, a comprehensive methodology has been developed to take into account long-term
container-shell creep behaviour under the prevailing ambient temperature (~100°C) of the vault (Dutton
1995). This is based on the formulation of constitutive equations to represent creep deformation,
including the possibility of creep-rupture.

The creep analysis relies on the capability to extrapolate creep data obtained at laboratory time-scales.
Not only does this require an adequate experimental database, but it depends on a good understanding of
the pertinent creep-deformation processes. To this end, the extant literature on creep has been reviewed
for titanium (Dutton 1996) and copper (Erb et al. 1996). In addition, an extensive experimental program
has been undertaken by Atomic Energy of Canada Limited and Ontario Hydro Technologies to measure
the creep properties of both titanium and copper.

In this report, we present our preliminary (i.e., constrained by the rather limited experimental creep data
available at the current time) findings related to the fitting of constitutive equations to experimental creep
curves. This includes the Whiteshell Laboratories' titanium data and the Ontario Hydro Technologies'
copper data. Corresponding metallographic information is also included as Appendices.

The general methodology on creep-curve fitting, together with the recommended approach to projecting
the creep data to the design lifetime of the container, is presented elsewhere (Dutton 1995). We have
determined that the most suitable analytical tool is the 0-Projection Concept put forward by Swansea
University (Evans and Wilshire 1985, 1993). As our experimental program advances, it will be
necessary to judge the capability of the 8-Projection equations to represent the creep data obtained. In
this context, we recognize the fact that whereas there is good evidence in the literature to demonstrate the
success of the 9-Projection Concept in the interpolation and extrapolation of high-temperature creep data,
our proposed application to low-temperature creep behaviour will be breaking new ground.

To facilitate our ongoing analysis, we acquired the extensive software package marketed by the Swansea
group. The package, called the "Theta Projection Analysis Suite", is accompanied by a useful booklet
(Scharning and Evans 1993) that briefly reviews the 9-Projection theory and then describes a suite of 19
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computer programs for fitting creep curves, predicting creep strains and rupture times, and examining the
accompanying statistics. Prior to obtaining this package, we employed the computer program listing
found in Appendix C of Evans and Wilshire (1985).

2. COMPARISON OF FITTING EQUATIONS

As described by Dutton (1995), a variety of equations have been proposed over the years, to fit typical
creep curves. The mathematical form of these could be variously described as power law, logarithmic,
exponential, polynomial, etc. In making a choice, there are three major factors to be taken into account:

1. What is the overall form of the creep curve? Thus, is it just primary; primary plus
secondary; primary, secondary plus tertiary? Is the mathematical form of the fitting equation
in accordance with this?

2. To what degree of precision is the mathematical equation able to fit the experimentally
generated creep curve?

3. Can the equation be used for reliable long-term extrapolation outside the experimental
database? This amounts to the degree of confidence residing in the stress and temperature
dependence of the coefficients contained in the equation.

Within our R&D program, there has been significant discussion surrounding the above issues. Whereas
we have given a great deal of attention to the issue of data extrapolation (Dutton 1995), in this report we
will examine some of our experimental data within the context of the first two factors presented above,
i.e., the observed shape of the creep curves and their fit to various mathematical equations.

With respect to the shape of the creep curves, an important issue is whether the low-temperature creep of
container materials displays a tertiary stage, leading to fracture failure. Within our titanium creep-testing
program to date, eight creep tests have been conducted at 100°C and two at 250°C. The creep machines
and experimental methods are described elsewhere (Kasprick 1995); the testing conditions are
summarized in Table 1. One of the tests at 100°C (C3) has been taken to failure and another (Cl) into
the advanced tertiary stage, such that the complete creep curves are available. To illustrate the curve
fitting options, one of these tests (C3) has been selected. This is a relatively long-term (24,140 hours)
test conducted at a stress of 187 MPa. The creep curve is shown in Figure I.1 The existence of a tertiary
stage is clear. A metallurgical examination (see Appendix A) showed that fracture occurred by the
formation of transgranular voids induced by localized necking. The observation that necking is
responsible for internal creep damage is consistent with the metallography on a specimen (creep test C4)
tested at 176 MPa for 12,353 hours (Appendix B). There was no necking in this specimen, and no
indication of tertiary creep. No internal cavities were found.

Similar observations of the existence of a tertiary creep stage during the relatively low-temperature creep
of copper have been reported in the Ontario Hydro Technologies creep program (B. Teper, personal
communication, 1995) and the Swedish program (Henderson et al. 1991). In these cases, creep rupture
occurs by intergranular cavitation, which appears to be sensitive to grain size and impurity content (see

Note that, as explained in Appendix A, the abrupt discontinuities on the creep curve are caused by experimental
artifacts, associated with temporary temperature-control problems.



- 3 -

Section 4). We will now use our selected complete creep curve for titanium (test C3) to examine the
curve-fitting capabilities of a number of mathematical equations. This should serve to illustrate the
variety of constitutive equations that have been proposed by various workers (and discussed in detail by
Dutton (1995a)), and some of the basic limitations they contain. Our first attempt at doing this used the
computer program presented in Appendix C of Evans and Wilshire (1985). This examined six equations,
as follows:

(la)

s = 7 / / 3 + rjjt (2a)

(3a)

e = TJ/" + rj2t + T]/ (4a)

(5a)

e = rj/'3 + Tj2t
2'3 + Tj,t (6a)

where e is the creep strain at time t, 9 and r\ being constants (whose values are obtained from the curve
fit). The Theta Projection Analysis Suite (Scharning and Evans 1993) has expanded these six equations
to nine:

) (1)

£ = 0//3 + 02t (2)

e-e") + 0i(e
e<'-l) (3)

£ = 0/'3 + 02t + 0/ (4)

03t (5)

£ = 0/'3 + 02t
m + 03t (6)

£ = 0//3 + 02t
3 (7)

£ = 0/1 + 0/' (8)

(9)

A quick inspection will show that Eqns. (1 - 6) are identical to Eqns. ( la - 6a). However, the uniform use
of 9-symbols in Eqns. ( 1 - 9 ) can give rise to some confusion. At face value, it appears (unlike the format
used in Eqns. ( la - 6a)) that all nine equations are "9" equations, based on the 9-Projection Concept. In
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fact, only four of the equations use the mathematical form (exponential terms) derived for the
9-Projection Concept, as follows:

Eqn. (3) is the full 0-equation (a primary stage followed by tertiary), with four 0-parameters
derived from the 9-Projection Concept: this is the recommended constitutive equation
(Dutton 1995).

Eqn. (1) contains only the primary creep component of the 9-Projection Concept.

Eqn. (5) is the fully truncated form of the 9-Projection Concept, consisting of a primary stage
followed by steady-state (secondary) creep.

Eqn. (9) contains only the tertiary creep component of the 9-Projection Concept.

The remaining five equations are various power law polynomial expressions.

The fits (together with residuals) of all nine equations to the experimental creep curve are shown in
Figures 2-10 . The set of 9-parameters is shown in Table 2.

By inspection, five of the equations can be rejected on the basis of the general form of the experimental
creep curve, which displays primary, secondary and tertiary stages. Thus:

Eqn. (1) contains primary creep only (Figure 2)
Eqn. (2) contains primary and secondary creep, but no tertiary (Figure 3)
Eqn. (5) contains primary and secondary creep, but no tertiary (Figure 6)
Eqn. (6) contains primary and secondary creep, but no tertiary (Figure 7)
Eqn. (9) contains tertiary creep only (Figure 10)

We are left with four equations with the required form. Thus:

Eqn. (3) comprises primary and tertiary components (no secondary) (Figure 4)
Eqn. (4) comprises primary, secondary and tertiary components (Figure 5)
Eqn. (7) comprises primary and tertiary components (no secondary) (Figure 8)
Eqn. (8) comprises primary and tertiary components (no secondary) (Figure 9)

The best fit is obtained with Eqn. (8). However, this, together with Eqns. (4 and 7), are polynomial
expressions. The possible drawbacks associated with the use of such equations, are explained in detail
by Dutton (1995). Thus, while the degree of good fit to any given experimental creep curve is important,
there are other considerations of even greater importance. If our only objective were to interpolate the
data, we could choose a polynomial of even higher order, and obtain an ideally perfect fit, even one that
follows the experimental artifacts evident in Figure 1. The greater challenge resides in the capability of
the equation to extrapolate to longer times outside the database. To do this, the derived constants or
coefficients must be "well-behaved" in their stress and temperature dependence. The literature shows
that this is not the case for polynomial equations. For example, it has been shown (Evans and Wilshire
1985) that over a wide range of stress, the values of the coefficients can change from positive to negative
quantities in an erratic, inconsistent, fashion. This probably reflects the fact that such equations are
empirical in nature and are not supported by an adequate theoretical/mechanistic underpinning. In
contrast, the constitutive equation obtained from the 9-Projection Concept (i.e., Eqn. (3)) is based on the
current understanding of creep mechanisms. Thus, as discussed in greater detail elsewhere (Dutton
1995), the 9-Projection Concept is derived from first-order reaction-rate kinetics representing a dynamic
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balance between primary creep and tertiary creep behaviour. The form of the governing equations is
consistent with known dislocation and damage accumulation mechanisms. Furthermore, the stress and
temperature dependence of the 9-parameters are in accordance with the prevailing mechanistic
behaviour. Based on such evidence, our conclusion is that the 0-equation is the most reliable for data
extrapolation.

Let us attempt to put this into perspective. Consider the hypothetical creep curve that would apply to the
lifetime of the fuel-waste container. For illustrative purposes, we might consider a lifetime of 1000 years
(8.7 x 106 hours), such that the time scale of Figure 4 would have to be increased by a factor of ~103. If,
for this case, the agreement between the projected 0-equation and the hypothetical data were as good as
that shown in Figure 4, the predictive accuracy of Eqn. (3) would be entirely satisfactory.

Examination of Figure 4 shows that the full 0-equation (Eqn. (3)) offers the poorest fit in the early and
late stages of the creep curve. The experimental data indicate that almost immediately following loading,
a significant "instantaneous" strain occurs at time « 0. Recognizing that our creep experiments are done
at a relatively high stress (a consequence of working at low temperatures), it is to be expected that very
high strain rates are obtained on loading, because of significant contributions from anelastic processes.
The 0-equation does not include this deformation mode. A way of accounting for this is to adjust the
zero of the strain axis, e.g., by shifting it by a strain of ~0.01. The benefit of carrying out this procedure
is shown in Figure 11.

Similarly, the rapid strain-rate acceleration during late tertiary stage is likely to be a consequence of
pronounced localized necking (see Appendix A). This effect is also not included in the 0-equation. As
described by Dutton (1995), several workers (e.g., Maruyama and Oikawa 1987, Taylor et al. 1990, Li et
al. 1990) have recommended procedures to address this problem. Thus, the experimental creep data can
be truncated at the point where necking becomes significant. We have done this in Figure 11, the
truncation being performed at the point of intersection (marked as A) of the theoretical curve and
experimental curve in Figure 4.

As can be seen from a comparison of Figures 4 and 11, the truncation procedures have improved the
fitting at each extremity of the creep curve. However, the overall form of the creep curve has not been
significantly altered. Of particular importance, the position of the onset of tertiary creep (i.e., the
proposed basis of the fracture criterion recommended by Dutton (1995)) is essentially unaffected.

To avoid confusion in terminology, this partial truncation of the tertiary creep data must be distinguished
from the "truncated" 0-equation mentioned earlier. The truncated 0-equation is Eqn. (5) (Figure 6). To
first order (using the Taylor expansion of the exponential), 03 in Eqn. (5) is equal to the product of 03 and
04 in Eqn. (3). This form of the 0-equation was recommended by the Swansea group for conditions
where the tertiary stage is all but absent, e.g., in very brittle materials, such as ceramics. A comparison
of Eqns. (3) and (5) is shown in Figure 12. The absence of any tertiary stage in Eqn. (5) is apparent. Not
only is this rejected for its nonconformance, but also it does not facilitate the use of the tertiary-based
failure criterion recommended by Dutton (1995).

3. APPLICATION OF THE 0-EOUATION TO TITANIUM

The testing conditions for all of the 10 titanium creep tests are shown in Table 1. As stated above, only
two creep tests have been taken to completion (tests Cl and C3). The 0-equation fit to C3 has been
discussed above (see Figure 11). The second full creep curve (specimen Cl), and its fit to Eqn. (3) is
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shown in Figure 13. Excluding experimental artifacts (due to creep-machine adjustments) evident in the
middle portion of the creep curve, the fit is very good. This creep test, in addition to C3, confirms the
existence of tertiary creep at the relatively low temperature of 100°C. The test was stopped before final
fracture occurred: localized necking is evident one third along the gauge length (the metallurgical
examination is described in Appendix C). The four derived 9-parameters for tests Cl and C3 are
presented in Table 3. All of the other tests still remain in their primary stage. Consequently, we cannot
perform a full 9-analysis on these. However, we can obtain estimates of the 0i and 92 parameters from
the existing data.

At first sight, the primary portion of the 0-equation (i.e., Eqn. (1)) would seem to be appropriate. The fit
of this equation to test CIO (tested at 100°C and 190 MPa) is shown in Figure 14. The fit is very poor:
utilization of just two 9-parameters is clearly insufficient. This inadequacy is intrinsic to the
mathematical structure of the 9-equation. Thus, Eqn. (1) eventually reaches an asymptotic value of the
strain, equal to 91, at a rate determined by the value of 02. This has happened quite quickly in Figure 14
(reflecting the general tendency in titanium for a rapidly rising strain early in the primary stage), where
Eqn. (1) has reached a constant value after ~400 hours. In contrast, the experimental data show a trend
towards a more extended pseudo-steady-state. To handle this form, we need the full 9-equation, Eqn. (3),
as shown in Figure 15. As explained above, in the total absence of tertiary creep, Eqn. (3) is equivalent
to Eqn. (5) (i.e., 93 in Eqn. (5) is equal to the product 9394 of Eqn. (3)), as demonstrated graphically in
Figure 16.

The remaining creep curves, fitted to Eqn. (3), are shown in Figures 17-23. The derived 9-parameters
are shown in Table 3. However, the incomplete nature of the data makes these values very preliminary
estimates. Certainly, we are unable at this time to analyze the stress dependence of the 9-parameters.
Note that for creep tests C8 and C9, the accumulated creep strains are extremely low, such that the error
band of the strain transducer is very apparent.

4. APPLICATION OF THE 9-EOUATION TO COPPER

The experimental data set for the Ontario Hydro Technologies' creep tests on oxygen-free copper (testing
conditions summarized in Table 4) has been obtained from B. Teper (personal communication, 1995).
The experimental creep curves, at various stresses and temperatures, are shown in Figure 24 (the short-
term tests are difficult to discriminate within the time scale used). The curve fits to the full 9-equation
(Eqn. (3)) are shown in Figure 25. It is immediately evident that at least one of these curves (creep test
4) shows a distinct tertiary stage (although none of the tests were taken to fracture). It is also apparent
that an excellent fit is obtained with the 9-equation; the derived 9-parameters are collected in Table 5,
noting there are insufficient data to derive the stress and temperature dependence of these parameters.

Unlike the titanium data discussed above, it is clear that the entire tertiary stage for copper (creep test 4)
is well represented by the 0-equation, without any partial truncation of the creep data being necessary.
This probably reflects the fact that tertiary creep in copper is not significantly influenced by localized
necking, at least up to the point where the tests were discontinued (before final fracture). This is
consistent with the metallographic evidence (Appendix D) which demonstrates that tertiary creep is
accompanied by the gradual production of intergranualar cavities throughout the gauge length. This is
the damage process assumed to be present by the 0-equation, and is in contrast to the case of titanium,
where cavities were transgranular, and confined to the region of localized necking.
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It is evident from these results that a tertiary creep stage is present in copper at 1OO°C. Moreover, the
accelerating creep rate is caused by the development of intergranular cavities uniformly distributed
throughout the gauge length. This is in complete agreement with the Swedish tests on oxygen-free
copper (Henderson et al. 1991, Henderson 1994 and Lindblom 1995), discussed more fully in
Appendix E.

5. CONCLUSIONS AND RECOMMENDATIONS

It is clear that tertiary creep can occur in both titanium and copper at relatively low (~100°C)
temperatures. The metallography clearly shows that the damage process in titanium is associated with
the formation of transgranular cavities within the localized necking region, while in copper it is
associated with the formation of intergranular cavities throughout the gauge length. Thus, for both
materials, we must include the possible presence of accelerating tertiary creep, leading to fracture, in our
creep projection methodology. The 9-Projection Concept (Dutton 1995) is an appropriate way of doing
this.

Our observations of the existence of tertiary creep and fracture in titanium and copper at low temperature
is in full agreement with the findings of other workers reported in the creep literature (Dutton 1996, Erb
et al. 1996). In particular, creep damage in titanium by the formation of diffusion-controlled cavities on
grain boundaries is confined to temperatures above ~500°C, at laboratory creep rates and times. Below
this temperature, the fracture mode is one of the formation of transgranular cavities by plastic tearing
occurring in the triaxial stress state produced within the region of localized necking. In contrast, grain-
boundary cavitation has been observed to occur in copper at lower temperatures; evidently the kinetics of
diffusion and grain-boundary sliding is much greater in copper than in titanium, a consequence of the
lower melting point of the former (Dutton 1995).

As a consequence of this difference in the tertiary/fracture mechanisms, Eqn. (3) derived from the
8-Projection Concept gives a better fit to the copper tertiary stage than for the case of titanium. Thus, for
the latter, the fit to Eqn. (3) becomes poor in the late stages of tertiary as the acceleration of the creep
rate becomes more rapid due to the plastic instability associated with localized deformation in the necked
region. As reported earlier, this effect has been observed in other materials and the process of data
truncation has provided a solution to the problem. This procedure is completely consistent with our
intended design criterion based on the onset of tertiary creep - we consequently have no interest in the
form of the creep curve representing late tertiary.

It is clear that the lifetime and general durability of the container will be enhanced if the creep ductility
of the shell material is high. Our (limited) experiments on titanium show this is indeed the case. Thus,
the maximum strain measured for creep test Cl was 35%, and 30% for C3. The strains at the onset of
tertiary were 24% and 15%, respectively. However, the equivalent strain to tertiary for the copper
specimens was much less, ~ 1 % . This is similar to the Swedish results for oxygen-free copper
(Henderson et al. 1991). They showed that this situation could be improved by the addition of
phosphorus, which increased strains to fracture to ~40%. An examination of their creep curves
(Lindblom et al. 1995) shows that strains to the onset of tertiary are correspondingly high, ~20%,
although this was reduced to ~10% in welded material (Seitisleam et al. 1996).

The Swedish approach to the extrapolation of laboratory creep data to container lifetimes (100,000 years
in their case) is discussed by Lindblom et al. (1995). They proposed to project rupture times using the
conventional Larson-Miller parameter, and other related empirical parameters, which are described by
Dutton (1995). These various parameters yielded a wide variation in predicted values of allowable
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stress, although the very low operating stress proposed for their container design seemed to be below the
lower bound of this range. The difficulty of using these extrapolation parameters has been discussed by
Dutton (1995). The problem is associated with their totally empirical nature such that extrapolation of
the experimental data in terms of stress and temperature produces large uncertainty. The alternative use
of the 9-Projection Concept reduces these uncertainties. This is due to the fact that the corresponding
equations are based on a better mechanistic foundation, and the complete creep curve is used, rather than
the single-valued time to rupture contained in the Larson-Miller (and other similar) parameters. In
addition, we propose to incorporate further conservativism by choosing a fracture criterion based on the
strain marking the onset of tertiary, rather than the strain/time to final fracture. Further discussion of this
point follows.

There is general agreement that as tertiary creep is a precursor to fracture, it must be avoided in the
container shell if integrity is to be assured. However, it has been suggested (B. Teper, personal
communication, 1995) that there may be a stress below which tertiary creep will not develop, i.e., that
there is a threshold stress for creep damage mechanisms (the formation of internal cracks and voids being
the classical example). If there were a way (either based on experiment, or theory - i.e., supported by an
understanding of the creep and fracture mechanisms) of demonstrating this assertion, it would be an
elegant solution to the problem. However, it is apparent that as soon as a (tensile) stress is applied, there
immediately exists a motivating force for creep damage. There is one mechanistic possibility that may
counteract this. Thus, we may note the existence of a lower stress boundary in the Fracture Mechanism
Map dealing with cavity growth in copper, shown in Figure 26 (Cocks and Ashby 1982). At stresses
below this boundary, the prevailing thermodynamics prevent the growth of grain-boundary cavities. This
is associated with the starting size of the cavity. Thus, for a cavity to grow, its radius must be > 2y/o,
where y is the surface energy and a the applied stress (if smaller, it will sinter and disappear). The cavity
growth model assumes there are cavities present whose radii are greater than this. To get some feel for
the stable cavity radius, we can use the typical value y » 1 Jm~2. For example, referring to Figure 26, the
threshold stress for copper is ~1 MPa for a starting cavity radius of 1.1 pm, rising to ~5 MPa for a
starting cavity radius of 0.4 pm. Note that these stresses are quite low. The stable cavities have to be
nucleated by some mechanism: at low stresses, the stable cavity radius must be larger. To sustain the
argument that cavity growth and tertiary creep will not occur above the threshold stress, one would have
to demonstrate that any suitable cavity nucleation mechanism is entirely absent. Unfortunately, there is
not a great deal of quantitative information about nucleation mechanisms (e.g., those associated with
grain-boundary sliding) available in the literature. Thus, it would be difficult, if not impossible, to
develop a solid argument based on the lack of operative nucleation sites. In addition, if the creep damage
mechanism involves necking instability, there is no equivalent lower stress threshold.

The alternative approach (which we have adopted) is to demonstrate that at the design temperature and
stress level of the container, the kinetics (as opposed to thermodynamics) controlling the tertiary process
is such that the time for the onset of tertiary is greater than the lifetime of the container.

Perhaps the greatest difficulty in proving tertiary creep will be entirely absent would be to provide the
necessary experimental evidence. Thus, one could never be able to conduct the appropriate creep test for
the design lifetime of the container. Alternatively, we need some kind of extrapolation, or projection,
technique. There are many empirical schemes presented in the literature, as reviewed by Dutton (1995).
They have been used by design engineers for many decades. The relative success that they have is based
on the fact that most conventional engineering designs are intended for service over limited time periods.
Typical would be the case of high-temperature aero-turbine blades: not only does this application have a
substantial laboratory database, but also a full service-time (~ 10,000 hours) operating base. Even within
our CANDU reactor technology, we are getting close to the projected operating lives (~200,000 hours) of
fuel channel components - providing opportunity to confirm the general validity of the creep design
equations. It is worth noting that the successful predictive capability of these equations was secured by
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formulating them on the basis of a thorough understanding of the underlying mechanisms of in-reactor
deformation (Dutton 1990). As shown by Dutton (1995), the development of the design equations
derived from the 8-Projection Concept follows a parallel logic. Their success has been demonstrated by
accurately predicting the over 100,000 hour lifetime of thermal station steam tubes from -1000-hour
creep data. It is on the basis of this background that we propose to employ Eqn. (3), recognizing the
challenge of projecting creep data over a time period of the order of 1000 years.

For the implementation of the 9-Projection Concept, it is useful to outline the procedural steps, briefly
and sequentially.

1. The first step is to produce sufficient experimental creep data. These are typically (and of
necessity) accelerated tests. We take advantage of the shorter times associated with higher
stresses and temperatures. These are chosen to produce complete creep curves (to rupture) in
manageable time periods. The longer the times that can be coped with, the better.

2. All of the creep curves (about 20 minimum) are fitted to the 9-equation, to obtain values for
the four 9-parameters. These will be different for each test.

3. The derived 9-parameters are analyzed for their stress and temperature dependence. This is
captured in mathematical equations for each of the 8-parameters.

4. Up to this point, the exercise has been one of interpolation. The extrapolation process is to
use the equations obtained from step 3 to predict the full creep curve for any stress or
temperature outside the experimental database. This includes the conditions which give
creep lifetimes of ~ 1000 years.

5. All of the mathematical representations, along with the accompanying statistical analysis, are
used in a finite element analysis of the proposed container design.

6. We then define an appropriately conservative end-of-life (fracture) criterion. We have
suggested the strain to the onset of tertiary. This means that every part of the container shell
will be exposed to a stress level where the accumulated lifetime strain will never exceed this
limit, i.e, no part of the container will enter tertiary creep during its lifetime. Using the finite
element code, the container design is adjusted to ensure this condition is met.

7. Having set the strain limit, the time required to obtain this strain limit is determined by using
the projected creep curve. The design of the container is adjusted to ensure that this time is
equal to, or greater than, the lifetime of the container.

Note that the most crucial part of the logic is step 3. This is where the proponents of the 9-Projection
Concept claim the strength/reliability of the method. It is suggested that the mechanistic underpinnings
of the 8-parameters will offer assurance that the stress and temperature dependence will represent reality,
and can be projected with some degree of confidence. If we used the alternative polynomial expressions,
some assurance would have to be provided regarding the validity of the stress and temperature
dependence of the various coefficients. There is evidence that this is not the case (Dutton 1995). This is
the crux. It is this step that contains the totality of the extrapolation process. However, as is evident
from the main body of this report, the current dataset that we have generated to date, for both titanium
and copper, is insufficient to derive the stress and temperature dependence of the 9-parameters.
Similarly, the reviews of titanium (Dutton 1996) and copper (Erb et al. 1996) show that the dearth of data
in the literature will not alleviate this situation.
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As we apply the 0-Projection Concept (once the experimental data are obtained, we can in principle use
any fitting equations), the ultimate signal that the method is useable will be the ease with which the stress
and temperature dependencies of the 0-parameters emerge. This will be its primary test. If these
dependencies have no logic to them, e.g., if their values vary in an inconsistent or erratic fashion, the
method will rapidly loose merit.

At this juncture, we can say that the 0-Projection equation provides a good fit to those complete creep
curves currently available for titanium and copper. The fitting exercise described above has improved
our familiarity with the 0-Projection software package, and our general understanding of the 0-Projection
Concept. Our effort must now focus on the generation of additional creep data.
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TABLE1
TITANIUM GRADE 2 CREEP TESTS

Creep Test
Number

Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO

Specimen
Number

PD3
PD6
PD5

FFD1
FFD2

P5
P6

P13
P14
P15

Orientation*

perpendicular
perpendicular
perpendicular

45°
45°

parallel
parallel
parallel
parallel
parallel

Yield Strength**
(MPa)

234
234
234
219
219
210
210
99
99
210

Temperature
(°C)
100
100
100
100
100
100
100
250
250
100

Stress
(MPa)

222
117/187

187
176
133
168
141
79
79
190

Total
Strain

3.5O6E-1
7.15E-3

2.595E-1
3.86E-2
2.43E-2
4.00E-2
1.85E-2
3.4E-4
1.7E-4

3.109E-2

Total***
Time (h)

317
31859.5
24140
12353
27321

20314.5
20314.5

3687
3687
908.5

* With respect to the plate-rolling direction
** 0.2% yield stress at a strain rate of 0.1 mm/min.
***Only Test C3 fractured

TABLE 2
VALUES OF THE 0-PARAMETERS IN EQUATIONS (2 - 10)

FITTED TO CREEP TEST C3

Equation
Number

1

2

3

4

5

6

7

8

9

Titanium C3

6,

0.21896

0.33941E-2

O.833O5E-1

0.42116E-2

0.48732E-1

0.55323E-2

0.48889E-2

O.133O3E-2

0.43111E-1

e2

0.79103E-4

0.41546E-5

0.41143E-3

0.17707E-5

0.11341E-2

0.20397E-3

0.52374E-14

0.48437E-0

0.26185E+2

e3

-

-

0.32159E-1

0.3225E-14

0.63595E-5

0.88069E-5

-

0.12445E-41

0.25422E-6

e4

-

-

0.67216E-4

-

-

-

-

0.92648E-1

-
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TABLE 3
TITANIUM e-PARAMETERS

Creep Test
Number

Cl
C2-1*
C2-2*

C3
C4
C5
C6
C7
C8
C9

CIO

Oi

O.71871E-1
O.3686OE-2
0.19444E-3
O.12153EO
0.26866E-1
O.18O28E-1
0.30449E-1
0.15157E-1
0.12228E-3
0.21890E-3
0.28149E-1

e2

0.14708E-1
0.32979E-2
O.25942E-2
O.13855E-3
0.31748E-2
0.23512E-2
0.16776E-2
0.40056E-2
0.13776E0
0.57609E-1
0.12551E-1

e3

0.3573E-1
0.22728E-1
-0.14803E-2
0.50131E-3
0.16813E+1
0.50644E0

0.14859E+1
0.23741 EO
-0.2449E-3
0.13683E-1

-

e4

0.70740E-2
0.13698E-5
-O.15O12E-3
0.21471E-3
0.6221E-6

0.49204E-6
0.34698E-6
0.80806E-6
-0.12721E-2
-0.78100E-7

-

* Before and after the stress change indicated in Table 1

TABLE 4
COPPER CREEP TESTS

Creep Test
Number

1
2
3
4
5
6
7
8

Temperature
(°C)

100
100
100
100
100
125
150
180

Stress
(MPa)

43.1
52.0
57.5
64.5
64.5
64.5
64.5
64.5

Total
Strain

7.7E-4
2.589E-3
1.758E-3
1.97E-2
7.33E-3
1.49E-3
1.57E-3

7.995E-3

Total*
Time (h)

3129
17356
3129
17355
10417
165
211
141

* No specimens fractured
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TABLE 5
COPPER 9-PARAMETERS

Creep Test
Number

1
2
3
4
5
6
7
8

9,

0.44526E-03
0.13232E-2
0.95156E-3
0.30071E-2
0.20350E-2
0.84910E-3
0.78255E-2
0.10384E-2

92

0.73808E-2
0.14147E-2
0.65515E-2
0.12184E-2
0.24663E-2
0.10252E0
0.94202E-3
0.65210E-1

93

0.21580E-1
0.10075E0
0.49224E-1
0.76281E-2
0.22968E0
0.35471E-1
0.41909E-5
0.66289E-2

94

0.48169E-5
0.73563E-6
0.54602E-5
0.65914E-4
0.20620E-5
O.11236E-3
0.17786E-1
0.47999E-2
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FIGURE 1: Complete Experimental Creep Curve for Grade 2 Titanium (Creep Test C3) Tested at
100°Candl87MPa
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FIGURE 3: Curve Fitting (Creep Test C3) Using Eqn. (2)
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FIGURE 5: Curve Fitting (Creep Test C3) Using Eqn. (4)
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FIGURE 8: Curve Fitting (Creep Test C3) Using Eqn. (7)
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1. INTRODUCTION

This examination was conducted on creep specimen C3, cut from Grade 2 titanium plate (#AT7248),
with its gauge length perpendicular to the plate-rolling direction. The specimen was tested at 100°C and
a uniaxial tensile stress of 187 MPa (80% of its 0.2% yield stress at a strain rate of 0.1 mm/min). The
specimen fractured after 24,140 hours with a total recorded strain of 26%. The complete creep curve is
shown in Figure Al. From this it will be observed that there are two significant discontinuities in the
curve. The first, at ~13,500 hours, is associated with a power outage. The second at 18,965 hours marks
the point at which the creep test was interrupted to change the furnace and temperature controller. For
this procedure, the specimen was unloaded, and cooled down to room temperature. The creep test was
then restarted by first heating up to the test temperature, followed by application of the load. Further
discussion of this procedure will appear below.

2. VISUAL INSPECTION

The specimen was fractured approximately midway along the gauge length - an indication of a lack of
end effects, temperature gradients, etc. A macrophotograph of the fracture area is shown in Figure A2,
showing that the fracture is associated with localized necking of the specimen. The two orthogonal
views presented in Figure A2 demonstrate the general ovality of the fracture surface, reflecting the
anisotropy of creep deformation resulting from the pronounced crystallographic texture that characterizes
rolled plate. The ratio of the elliptic axes is ~1.8. The measured reduction in area is 68.6%.

Away from the necked region, ovality (ratio of ~1.1) is also present. The following final diameters were
measured and the respective diametral strains indicated (based on the original diameter of 4.09 mm).

3.96 mm (3.2%); 3.61 mm (11.7%)

Throughout the gauge length, evidence of creep deformation is present in the form of an "orange-peel"
effect on the surface, becoming more prominent in the necked region. In addition, a second region of
incipient necking was detected at one other point on the gauge length.

3. FRACTOGRAPHY

Figure A3 shows a macro-photograph of the fracture surface. The main features of interest are the
numerous cavities, of ~0.05 mm in diameter. There is no evidence to suggest the fracture is intergranular
(i.e., no grain-boundary facets are present).

4. METALLOGRAPHY

One half of the specimen was prepared for metallography. Figure A4 shows the cross section in its
polished state. It is evident that numerous cavities exist, largely confined to the necked region, the larger
cavities existing close to the fracture surface. Note that the fracture surface is cusped, reflecting the
coalescence and intersection of cavities, corresponding to the rounded dimples evident in Figure A3.
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Figures A5(a), (b) and (c) are etched sections from the specimen grip region (low stress, undeformed),
an area in the uniformly deformed region of the gauge length, and within the heavily-deformed necked
region, respectively. Figure A5(a) shows the as-received microstructure, i.e., undeformed equiaxed
grains. Figures A5(b) and (c) show the presence of creep deformation, particularly in the form of
twinning (observable throughout the gauge length). The twin density (with secondary twinning
becoming apparent) is much higher in the necked region (Figure A5(c)). Also within the necked region,
grain elongation is prominent and the cavities that are present are transgranular in nature. A detailed
inspection at high magnification did not reveal any intergranular cavities or triple-point wedge-cracks on
grain boundaries. Although numerous intergranular second-phase precipitates were present, it was easy
to distinguish these from grain-boundary cavities, as discussed in Appendix B. In addition, there was no
evidence (e.g., grain offsets at the surface) of grain-boundary sliding.

5. DISCUSSION

From the metallographic evidence, it is clear that the eventual fracture was not intergranular in nature (in
contrast to the copper creep specimens described in Appendix D). Rather, fracture occurred via the
formation and coalescence of transgranular cavities. These formed as a result of plastic deformation and
decohesion, as opposed to the classical creep-rupture processes of grain-boundary cavitation through
grain-boundary sliding and diffusional mechanisms. Thus, the phenomenon is best described as "ductile
fracture", through the formation of "ductile cavities". Such fracture behaviour is generally consistent
with that reported in the literature for the low-temperature creep characteristics of titanium (Dutton
1996). Similar results are reported for creep test Cl, reported in Appendix C.

The ductile cavities form under the triaxial stress state produced within the neck region, discussed in
greater detail by Dutton (1995). Consequently, the prime motivator of the fracture process is the onset of
localized necking. Similarly, the tertiary stage evident in Figure Al is probably a consequence of the
reduction in cross-section resulting from the formation of the neck. This conclusion is consistent with
the following considerations.

The measured diameters away from the neck yielded diametral strains of 3.2% and 11.7%, as reported
above. The average is 7.45%. Taking into account the fact that Poisson's ratio is 0.5 for plastic
deformation, the corresponding average specimen elongation strain would be ~14.9%. Reference to the
creep curve (Figure Al) shows that this is in good agreement with the measured axial strain at the onset
of tertiary. If we employed a creep-fracture criterion for the fuel-waste container based on the onset of
tertiary (Dutton 1995), the limit of allowable strain at a stress of 187 MPa would be ~15%, with a
lifetime of-19,000 hours.

Within the context of the proposed fracture criterion logic (Dutton 1995), it is instructive to note that
whereas a design limit of 15% strain falls far short of a potential maximum strain of 26% (the total
measured strain at fracture), the additional extension of lifetime would be modest. Thus, the tertiary
stage is relatively short, amounting to ~5,000 hours, i.e., an increase of ~20% in the lifetime, compared to
the tertiary strain representing 42% of the total strain to failure.

Another relevant observation is that the creep curve in Figure Al does not display a distinct steady-state
(secondary creep) behaviour. Rather, there is an extended primary creep period of decreasing strain rate,
followed by the increasing creep rate at the onset of the tertiary stage. This is consistent with the
8-Projection Concept (Dutton 1995). However, an obvious word of caution applies. The observed onset
of the tertiary stage coincided with the interruption of the creep test, as mentioned above. It is possible
(indeed, probable) that the entry into tertiary was promoted by the reloading of the specimen at the restart
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of the test. Although considerable care was taken to ensure that this restart occurred at an identical load
and temperature, the rapid propagation of any incipient (relatively unstable) necks present could have
been induced by reloading. Certainly this would explain the distinct discontinuity in the creep curve.
Thus, whereas there is evidence that neck formation had probably commenced just prior to the
interruption of the creep test, the onset of necking instability leading to the development of tertiary creep
and final fracture may have been somewhat delayed if the test had been run without interruption.
However, the general overall sensitivity to necking instability speaks in favour of a conservative fracture
criterion based on the onset of tertiary creep.
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FIGURE Al: Complete Creep Curve for Creep Test C3
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FIGURE A2: General View of Fractured Creep Specimen (Magnification 6X). The two orthogonal
views show the anisotropic ovality of the necked/fractured region.

FIGURE A3: Low Magnification (25X) of the Fracture Surface Showing the Presence of Dimples
Resulting from Fracture of Ductile Cavities
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FIGURE A4: Polished Section Showing the Presence of Voids; (a) Demonstrates the Isolation of
Cavities in the Necked Region (20X), (b) is a Higher Magnification (200X) Showing the
Rounded Ovoid Shape of the Cavities
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FIGURE A5: Etched Section (200X) (a) Specimen Grip; (b) Mid-Gauge Length
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(c)

FIGURE A5: Etched Section (200X) (c) Necked/Fracture Region
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1. INTRODUCTION

As part of our R&D program, we decided to terminate creep test C4 and examine the specimen to
determine whether any creep cavities had formed during primary creep. This specimen was tested at
100°C and a uniaxial tensile stress of 176 MPa (80% of its 0.2% yield stress at a strain rate of
0.1 mm/min). Approximately 4% creep strain was accumulated in 12,353 hours, the creep curve showing
that the specimen was still in the primary stage. The material was Grade 2 titanium plate (#AT7248), the
specimen being cut at 45° to the rolling direction.

The specimen was examined, with the following observations being made.

2. SPECIMEN DIMENSIONS

The surface of the specimen was generally bright and shiny, with some patchy areas of staining. The
diameter was measured with a standard micrometer. This showed some ovality, typical of the anisotropic
deformation of titanium plate that forms a distinctive crystallographic texture during manufacture. There
was no evidence of localized necking. The original average diameter was 4.01 mm, with no ovality
reported. The following final diameters were measured, and the respective strains shown:

Centre Section 3.85 mm (1.4%) 3.90 mm (2.7%)
Ends (both the same) 3.94 mm (1.7%) 3.89 mm (3.0%)

These strains reflect the degree of ovality and are equal to an average of ~2%, which is consistent with
the uniaxial strain of ~4% measured during the creep test (Poisson's ratio - 0.5 for plastic strain).

3. SURFACE EXAMINATIONS

The specimen surface was carefully examined for incipient cracks, before it was submitted to
metallographic sectioning. The as-received surface was inspected with a stereo microscope, up to 50X
magnification (about the limit for focussing on a curved surface). Machining marks and random
scratches were prominent, but no cracks were observed.

The entire surface of the gauge length was then mechanically polished with 1200 grit emery cloth and
chemically polished/etched in 5% hydrofluoric acid. Under 50X magnification the etched grains were
distinct, with some banded striations along the gauge length, but no cracks were observed.

4. METALLOGRAPHIC EXAMINATION

The specimen was cut in half along its radial/axial plane, and one of the halves was mounted, including
the threaded end. The orientation of the specimen was marked such that the examined cross section was
through the maximum diameter of the ovalized gauge section. The sample was given the standard polish
and etch treatment for titanium.
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The sample was examined up to a magnification of 1000X. Typical photomicrographs are shown in
Figure B1. No intergranular or transgranular cracking was observed either within the sample interior, or
in the surface region (the latter did display localized twinning, probably as a result of specimen
machining). There was some intergranular second phase (see below), that might be mistaken for grain-
boundary cracking. However, this possibility was eliminated because:

close examination showed characteristic second-phase contrast,
the features were identical to the unstressed threaded ends, and
the orientation of this phase was primarily on grain boundaries parallel to the stress axis (creep
cavitation and cracking is always confined to planes normal to the stress axis).

The grains were equiaxed (it is not possible to detect of the order of 4% creep elongation on a
microscopic scale) and quite fine, but banded along the gauge length. Bands of -40 um diameter grains
were bounded by bands of -10 um diameter grains. There were no acicular a-grains present, resulting
from P-transformation (the cc-p transformation temperature is 883°C). The overall cc-morphology is
consistent with the plate being cold-rolled and then annealed above the a-recrystallization temperature
(~700°C). A comparison between the gauge section and the threaded ends showed that no
recrystallization, or grain growth, occurred during creep testing. This is to be expected from the
relatively low test temperature.

A prominent second phase (~5% volume fraction) was present as a globular precipitate. These particles
were arranged in stringers along the gauge length, reflecting the banded grain morphology. It is most
likely that this phase is retained p\ reflecting the presence of P-stabilizing impurities, such as iron. Close
examination showed that most of the P-phase, although present as extruded stringers, was intergranular
in nature. However, in some instances, the P-stringer was transgranular and crossed isolated grain
boundaries. This provided opportunity to check for signs of grain-boundary sliding (discontinuous offset
of the stringer as it passed from one grain to another). None was found. This is consistent with the
absence of grain-boundary cavitation/cracking, that requires the operation of grain-boundary sliding.

A second form of precipitate was present in small numbers, and generally associated with grain
boundaries. These were short (2 -5 pm) black needles, most probably hydrides. They were not
randomly orientated, being generally aligned normal to the gauge length. This probably reflects the
strong crystallographic texture of the titanium sheet.

5. CONCLUSIONS

No creep-induced cavities or cracks were detected in this specimen. This confirms that no creep damage
is produced during primary creep in titanium and offers confirmation that the cavitation observed in the
tertiary stage (see Appendices A and C) is caused by localized necking.
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(a)

FIGURE Bl:

(b)

Longitudinal Section of Gauge Length (a) 25X, Showing Banded Grain Structure (b)
200X, Showing Equiaxed Structure and Banded Second Phase
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1. INTRODUCTION

This is a record of the examination of the specimen from creep test C1, cut from Grade 2 titanium plate
(#AT7248), with its gauge length perpendicular to the plate-rolling direction. The specimen was tested at
100°C and a uniaxial stress of 222 MPa (95% of its 0.2% yield stress at a strain rate of 0.1 mm/min).
The creep test was relatively short-term, being completed after a period of 317 hours, with an
accumulated strain of ~35% (unfractured). Figure Cl shows the creep curve. At the high stress level
used, the creep rates were also very high, presenting some experimental difficulties. For example, the
two obvious discontinuities in the creep curve represent occasions where the lever arm on the creep
machine loading system had to be readjusted back to the horizontal. In addition, the total creep
elongation exceeded the maximum range of the transducer. These difficulties dictated that the test be
terminated prior to fracture.

2. VISUAL INSPECTION

A macrophotograph of the specimen is shown in Figure C2. An obvious necked region is present about
one third along the gauge length. This was also associated with the surface "orange-peel" effect that
typifies creep deformation (the intensity of the orange peel is greater within the region of the neck, where
the local strains are higher). The necked region displays the distinct ovality produced as a result of the
anisotropic plastic deformation that reflects the typical crystallographic texture present in titanium rolled
plate. The ratio of the elliptic axes in the neck centre is ~1.6, with a reduction in area (compared to the
as-received specimen) of ~57%. Away from the necked area, the ovality is ~1.2, and the reduction in
area is ~23.1%. The average diameters were measured, as follows, with the respective diametral strains
calculated on the basis of the original diameter being 4.03 mm:

3.30 mm (18.1%); 3.81 mm (5.5%)

This represents an average diametral strain of 11.8%, which corresponds to an axial strain of 23.6%
based on Poisson's ratio of 0.5. Such a strain is consistent with the strain at the onset of tertiary shown in
Figure Cl, indicating that the tertiary stage is mainly associated with localized necking, in agreement
with the conclusion of Appendix A (creep test C3).

3. METALLOGRAPHY

Figure C3 shows the presence of transgranular cavities existing in the central area of the necked region.
No cavities were observed in the remainder of the gauge length, away from the neck. Although
numerous intergranular second-phase precipitates could be seen, these were easily distinguished from
cavities, as discussed in Appendix B. In addition, there was no evidence of grain-boundary sliding.

4. CONCLUSION

The observations reported here are in complete accord with creep test C3 reported in Appendix A. Thus,
the tertiary stage is a manifestation of localized necking, and fracture results from the formation of
transgranular cavities produced by plastic tearing under the action of the triaxial stress field.



CREEP TEST C1 (SAMPLE PERPENDICULAR TO P.R.D.)
Gr. 2 Ti Plate AT7248 @ 100 DEG. C & 222 MPa
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FIGURE C1: Creep Curve for Test C1
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FIGURE C2: Low Magnification (X40) Photograph of Creep Specimen, Showing Localized Neck
Region
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FIGURE C3: Photomicrograph of the Necked Region (X200), Showing the Presence of Transgranular
Cavities
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1. INTRODUCTION

The creep tests on oxygen-free copper conducted by Ontario Hydro Technologies are discussed in
Section 4 of the main text of this report. Samples from three of the creep specimens were sent to us for
metallographic examination. The following creep-testing conditions are extracted from Table 1 of this
main text:

Creep Test
Number

2
4
7

Temperature
(°C)

100
100
150

Stress
(MPa)

52.0
64.5
64.5

Total
Strain

2.59 E-3
1.97 E-2
1.57 E-3

Total
Time (h)

17 356
17 355

211

The corresponding creep curves are shown in Figures Dl, D2 and D3. The tests were terminated before
fracture, it being evident that creep test 4 had entered tertiary, while creep tests 2 and 7 were still in the
primary/secondary stage. As the creep specimens had already been cut up into samples, it was not
possible to measure the final dimensions, or to assess the existence of incipient necking.

2. METALLOGRAPHY

The samples were mounted to examine the radial/axial cross-section, this being the best orientation to
detect the presence of cavities. No cavities were observed in the specimen from creep test 2, a small
number of cavities were observed in creep test 7, while numerous cavities were observed in creep test 4.
Figures D4 and D5 show the latter cavities are intergranular, occurring mainly on grain boundaries
orientated normal to the applied tensile stress.

The grains are generally equiaxed (the relatively low total strains do not produce detectable grain
elongation), with numerous annealing twins being present. This microstructure is consistent with a
fabrication route involving hot working.

3. DISCUSSION

The lack of cavities in creep test 2 demonstrates that cavity formation is confined to the tertiary creep
stage. The greater number of cavities in creep test 4, compared with creep test 7 reflects the higher
strains and longer test time, which has resulted in a full development of the tertiary stage, as revealed in a
comparision of Figures D2 and D3. The nature of the creep damage is similar to that observed in the
oxygen-free copper reported in the Swedish work (e.g., Henderson 1994), and discussed more fully in
Appendix E.

These observations demonstrate that the tertiary stage in copper, at temperatures down to 100°C, forms
as a result of intergranular cavities. The cavity morphology suggests that they were formed by
diffusional processes, with grain-boundary sliding playing a role, particularly
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during the nucleation stage (Dutton 1995). The cavities are uniformly distributed throughout the gauge
length (there was no evidence of localized necking in the available samples). This tertiary creep/fracture
process is in contrast to the case of titanium (Appendicies A and C), which occurs by plastic tearing
within the region of localized necking.
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FIGURE D4: Metallograph of Specimen from Creep Test 4 (XI00) Showing Intergranular Cavities
(Tensile Axis Horizontal)

FIGURE D5: Metallograph of Specimen for Creep Test 4 (X500) Showing Intergranular Cavities
(Tensile Axis Horizontal)
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1. INTRODUCTION

Within the nuclear fuel waste R&D program being conducted in Sweden, it has been proposed that a
commercially pure copper be used to manufacture the fuel-waste container (Johnson et al. 1994).
Accordingly, the Swedish workers have conducted relatively low-temperature (75 to 450°C) creep tests
to determine the expected lifetime of such containers (Henderson et al. 1991, Henderson 1994, Lindblom
et al. 1995). Testing times of up to ~25,500 hours were realized, with creep rates down to 6 x 10""/s
being measured. It was reported that tests on Oxygen Free High Conductivity (OFHC) copper revealed
very low strains to rupture (less than 1 % in many cases). Rupture was due to grain-boundary cavitation
and/or triple-point wedge cracks. Such behaviour (particularly the low rupture strains) was considered to
be unacceptable. A significant improvement was found in an oxgyen-free copper with phosphorus
additions of ~50 ppm (designated DLP copper), or a copper-0.15% silver alloy. In these materials, grain-
boundary cracking was suppressed, and the rupture strains were much higher (-40%). Higher ductility
was also retained in welded material (Seitisleam et al. 1996). The Swedish workers concluded that this
improvement was a result of either a suppression of sulphur segregation to the grain boundaries, or a
smaller grain size present in the alternative materials. Because of the significance of these findings, and
our interest in copper as a possible waste container material, a close examination was made of the
Henderson et al. (1991) report. This Appendix reports on this study.

2. MATERIAL CHARACTERIZATION

The major classes of material tested by the Swedes were three batches of OFHC, a batch of Cu-Ag and a
batch of DLP. The following summarizes the relevant characteristics.

Creep
Series

000
100
200
300
400

Material

OFHC
OFHC
OFHC
Cu-Ag
DLP

Condition

forged bars
heat treated*
hot extruded
hot extruded
hot extruded

S Content
(ppm)

10
10
6
6
6

P Content
(ppm)

2
2

<1
<1
50

Grain Size
(mm)

60
370
45
35
45

Creep
Ductility

low
low

medium
high
high

UTS
(MPa)

-
234
246
239

* material taken 10 cm away from an electron beam weld

The addition of 50 ppm phosphorus decreased the creep rates by two orders of magnitude (Lindblom et
al. 1995). However, the creep rates of the three OFHC materials at 215°C are similar, indicating that
there is no obvious grain-size effect. It is noteworthy that the stress dependence of the creep rate is lower
for the OFHC material than for the DLP material, at the same temperature (215°C) viz. n = 4 for OFHC,
n - 10 (a value of n - 15 was later reported by Lindblom et al. (1995)) for DLP(£ <x er", where £ is the
creep rate, a is the applied stress and n is a constant). Although not mentioned in the report, this
difference is significant. The higher n value can be partially explained by the fact that DLP copper has
been tested at a somewhat higher stress (the so-called "power-law breakdown" phenomenon described by
Dutton 1995). However, power-law breakdown, resulting in higher values of n, generally occurs at
relatively high strain rates in copper at 215°C, typically > 10'5/s, whereas the creep rates of the DLP
copper were several orders of magnitude lower than this. An alternative explanation for high n values
may be the alloy strengthening effect of the phosphorus additions, noting that the 50 ppm of phosphorus
resulted in a significant decrease in the creep rates. Values of n - 15 are characteristic of a metal whose
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creep strength is increased by the presence of hard precipitate particles. However, the solubility of
phosphorus in copper is significantly higher than 50 ppm, and the similarity in the yield strength of the
OFHC and DLP copper indicates that precipitation hardening is not present.

3. SULPHUR SEGREGATION MECHANISM

The central idea is that sulphur (specifically, that fraction which exceeds the solubility limit) will migrate
and preferentially segregate at the grain boundaries, where creep cavities and cracks normally form. The
surface energy is consequently reduced (estimated by the Swedes to be by as much as 33 - 50%), thus
promoting the formation of cavities. In addition, the presence of copper sulphide particles at the grain
boundaries can provide nucleation sites for cavitation.

Cavity nucleation is generally thought to be caused by grain-boundary sliding. Evidence of grain-
boundary sliding was present in the OFHC material. Whether or not this was detected in the DLP copper
is not stated. Unfortunately, the extensive grain deformation in this material (as a result of the high strain
to fracture) would have obscured any positive, or contrary, evidence (although techniques are available to
measure grain-boundary sliding even in these circumstances). However, it is clear that whereas copper
cavitation did occur in OFHC copper down to 75°C, no cavitation occurred in DLP copper at 215°C (at
higher temperatures, cavitation did occur, but the rupture strains were still substantial).

Direct evidence for sulphur embrittlement is not conclusive. First, we note that the sulphur content is
very similar for OFHC and DLP material. Auger analysis of fracture surfaces detected sulphur
segregation in the OFHC creep specimens. One sample of DLP was free of sulphur, a second showed as
much segregated sulphur as the worst of the OFHC specimens. No phosphorus was detected.

The authors surmise that the presence of phosphorus (or silver) will interfere with the sulphur
segregation/cavity enhancement mechanism, in two ways:

the sulphur solubility would be increased, decreasing the amount of sulphur segregating to
the grain boundary, and concomitantly decreasing the quantity of sulphide particles,

phosphorus would also segregate at the grain boundary and would compete for sites, thus
effectively decreasing the segregated sulphur content.

This process is somewhat speculative (e.g., it is not fully supported by the Auger analysis), but is
supported by equivalent observation in steels.

4. GRAIN-SIZE EFFECT

Henderson et al. (1991) provide two references (one for stainless steel and one for copper) to support the
expectation that the creep ductility decreases with increasing grain size. Their own data show that,
indeed, the lowest ductilities are observed in the two OFHC series having the highest grain size
(60 - 370 um), compared to the higher ductilities observed in the Cu-Ag and DLP copper, with grain size
of 35 - 45 um. This also is not conclusive, as the grain sizes are not very different (excluding the 370-pm
weld material).
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5. CONCLUDING REMARKS

It appears that the grain-boundary segregation mechanism and the grain-size effect could be coupled (in
more than one way). First, it is likely that the finer grain size of the Cu-Ag and the DLP copper is a
result of the presence of silver and phosphorus. Thus, it is well established that metals of a higher purity
are susceptible to excessive grain growth, because the migration of grain boundaries is unhindered.
Alloy additions usually reduce this mobility; the grain boundaries are said to be "pinned". For example,
in the case of DLP copper, Henderson et al. (1991) anticipate that the phosphorus segregates to the grain
boundaries. This could provide the necessary pinning.

Creep fracture is normally caused by either wedge-crack formation at grain-boundary triple points, or the
formation of isolated cavities on boundaries normal to the tensile stress. The metallography of
Henderson et al. display both these features. Brief remarks on both fracture mechanisms follow (for
greater detail, see Dutton 1995).

As shown in Figure El (a), a wedge crack is produced by the stress concentration at the triple point,
resulting from grain-boundary sliding between adjacent grains. The stress at the triple points is
proportional to the length of the sliding boundaries, i.e., increases with increasing grain size. Thus, large
grain sizes promote premature failure by wedge cracking.

Figure El(b) shows how grain-boundary cavities are also nucleated by grain-boundary sliding. The
correlation between creep cavitation and grain-boundary sliding has been used by Evans (1969) to
explain the decrease in creep ductility as the grain size increases. He shows that the controlling
phenomenon is the increase in grain-boundary sliding rate with increasing grain size. Thus, large grain
sizes promote rapid cavity development, and hence low strain to failures. Evans (1984) incorporated this
idea, and provided numerous confirmatory references, in his book on mechanisms of creep fracture.
Here, he also points out that the characteristic length of a creep crack is approximately equal to the grain
size. Thus, the formation of a critical crack length, leading to premature failure, is more likely for large-
grained material. He specifically refers to the problem of grain coarsening occurring in the heat affected
zones associated with welding.

The central idea of Evans1 work can be extended to the case of DLP copper. Not only does the
phosphorus limit the grain size, but it can also serve to decrease the grain-boundary sliding rate for any
given grain size. The two effects are coupled. Phosphorus segregation pins the boundary to prevent
grain-boundary migration (grain growth) and also provides obstacles (an equivalent form of "pinning")
for grain-boundary shear, hence reducing the rate of grain-boundary sliding.

An observation made earlier is worth reiterating here. It was pointed out that n - 15 for DLP copper,
compared with n - 4 for OFHC copper. Recent correspondence with Pamela Henderson confirms that
the explanation for this significant difference remains elusive. As pointed out above, a high value of n is
indicative of a strong alloying effect. Despite the fact that the DLP copper contains only 50 ppm of
phosphorus, this explanation is persuasive. The Swedish workers suggest that the phosphorus migrates
to the grain boundaries and concentrates there. Certainly, the evidence points to a strong modification of
the grain-boundary behaviour. Not only is this responsible for a marked increase in creep ductility, but it
might also account for the higher overall creep strength and the enhanced value of n.

It is clear from these observations that if we wished to use copper for the fuel-waste container, great care
should be taken in the choice of the material. A particular concern would be the large grain size (and the
corresponding increase in creep fracture susceptibility) that would develop as a result of welding
procedures.
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FIGURE El: Schematic Representation of the Development of (a) Wedge-Type Cracks and
(b) Cavity Nuclei during Creep. In both cases, the tensile stress axis is assumed
to be vertical. Sliding on boundaries inclined to the stress axis results in a stress
concentration sufficient to form a wedge crack at the triple grain junction
whereas cavities are nucleated when sliding is impeded at grain-boundary ledges,
sub-boundary cusps or at particles.
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