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ABSTRACT

The time-dependent, elastic lattice strain distribution ahead of a blunt
compact toughness (CT) specimen has been examined analytically
experimental results. The CT specimen was manufactured from Zr-2. 5Nb pressure tube
material that is used for the manufacturing of pressure tubes in CANDUT power generating
stations. The thermally-induced creep strain distribution in the specimen was determined
experimentally using neutron diffraction techniques. A three dimensional (3-D) finite element
analysis of the compact toughness specimen is performed using as a material subroutine, a
self-consistent polycrystalline model that takes into account the anisotropic plastic and creep
response of the Zr-2.5Nb material. This material model allows for the quantitative
determination of the. strain and stress distribution that evolve during the loading of the
specimen. The stresses from the 3-D finite element calculation were then processed through
the elasto-plastic polycrystalline code to extract the <0002> lattice strains in a given
specimen direction. It was found that the lattice strains in the plane of the notch calculated at
various time intervals compare very well with the distribution and magnitude of the
experimentally determined measurements obtained at the same time intervals by means of
neutron diffraction. The experimental results have shown that localised stress relaxation does
occur near a notch region and that the model does capture this phenomenon. This indicates
that in-service pressure tubes will have a higher tolerance to surface defects as a result of
stress relaxation occurring due to creep.

t CANada Deuterium Uranium - Pressurised Heavy Water power reactors.— — —

INTRODUCTION

During the normal operation of a complex mechanical system where components are in
contact with each other, abrasion can take place and produce defects in the contacting
components. Usually, these abrasions result in relatively smooth surface flaws such as a blunt
scratch or gouge. These flaws are stress concentrations that elevate the local stress by a factor
of two or three. This stress elevation is not as severe (or focused) as the stress field created
by the sharp geometry of a crack. Stress analyses of these smooth, shallow notches may

indicate that the increased stress levels in the region of the notch are sufficiently high, such



that cyclic operating conditions would limit the fatigue life of the material and induce the
likelihood of cracks at the notch root. However, the occurrence of these life-limiting events
in some cases appears to be minimized, as stresses around the notch region tend to decrease
with time. One of the most likely reasons for the observed stress relaxation in these
components is the creep induced by thermal activity. The thermally-activated creep of a
Ioaded, compact toughness specimen (CTS) containing a smooth notched slot was examined,

at 300”C, using neutron diffraction techniques [1]. A viscoplastic constitutive law [2] that

describes the anisotropic creep behaviour of the Zr–2.5Nb material has been incorporated
into a finite element program, H3DMAP [3,4]. A three dimensional (3-D) finite element
model of the CTS was assembled and the analytical creep behaviour examined with respect
to the experimental results.

CONSTITUTIVE EQUATION FOR HIGH STRESS CREEP

Hexagonal close packed (hcp) metals exhibit highly anisotropic plastic and creep properties.
Because hcp metals have fewer than the five, required, prismatic type slip systems available,
additional systems of the basal and pyramidal type are required to accommodate the imposed
stress or strain state [5,6]. Under uniaxial loading conditions, the creep rate in a given
specimen direction is proportional to the applied stress magnitude in that direction raised to a
power n (where n>> 1). This non-linear dependency implies that the creep response of the
material is not only dependent on the magnitude of the applied stress but also on the stress
state as well. Specifically, the non-linear creep behaviour under a triaxial stress state cannot
be predicted solely horn uniaxial tests. The creep behaviour of Zr-2.5Nb pressure tube

material is strongly non-linear [7].

A self-consistent polycrystalline model has been developed to analyze the creep behaviour
of the Zr-2.5Nb material. The material is considered as an aggregate of crystals with different
orientations. The creep response of the polycrystalline aggregate is determined by taking the
weighted average of the creep exhibited by individual grains. Based on this model, the
computer code SELFPOLY was developed to predict the creep response of the
polycrystalline aggregate by taking into account the strong crystallographic texture of these
materials. The constitutive equation describing the creep of single crystals expresses the
strain rate as the sum of strain rates due to dislocation activity occurring on the three types of
slip systems, i.e. prismatic, basal and pyramidal. The vaIues of the critical resolved shear
stresses that are consistent with the creep behaviour of polycrystalline Zr-2.5Nb are generally
unknown. These unknown parameters are determined by adjusting their values so that the
predicted response of the polycrystalline aggregate matches the creep rates measured from
tests conducted under different stress states [4,8,9].

The advantage of this approach is that the calculated response of the material is based on
deformation mechanisms operating at the single crystal level, on the crystallographic texture
and on the interaction of grains with their neighbors. Therefore, the anisotropy of the
material depends on the crystallite orientation distribution function and on the anisotropic
behaviour exhibited by the single crystals. The disadvantage of this approach is that the

direct use of polycrystalline codes in numerical schemes can be computationally intensive.
To address this problem the following approach was adopted. The values of the
microstructural parameters are determined such that the calculated behaviour of the
polycrystal agrees with the experimentally measured results. The values of these parameters
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are then fixed and the anisotropic response of the material is calculated for all possible stress
states and the anisotropic resuh is stored in a tabulated format for later use. The anisotropic
creep response for an arbitrary stress state can be obtained from the table by interpolating
between the stored values.

The form of the generalised constitutive law that describes the dependence of the strain rate
tensor on the stress tensor for Zr-2.5Nb pressure tube material is given by:

&= f(&f,T,cref) &lT(~) (1)

where & is the strain rate tensor, f (&~f,T, ~ef ) is a scalar function that accounts for work

hardening and temperature changes and &lT(o) is the tensor-.

gives the anisotropy of the material at an applied stress o.

FINITE ELEMENT MODEL OF THE CT SPECIMEN

from the interpolation table that

Utilizing the two symmetry planes of the sample, a 3-D model of a quarter-section of the
blunt notched CT specimen was constructed using 8 planar sections of 1675 nodes and 1400,
8-noded hexagonal elements resulting in a total of 15147 nodes and 12800 elements. The
finite element mesh was graded across the specimen thickness with the density increasing
near the free stiace of the CT specimen, Figure 1. Loading pin displacements were
distributed on the nodes that lie on the pin centerline and thus simulate the initial load
experienced by the specimen. Each 3-D element has a single integration point with hourglass
control [1O].

Figure 1. Three Dimensional Finite Element Model of a Quarter-Section of the Compact
Toughness Specimen.

Isotropic Zr-2.5Nb material properties of Young’s modulus(E) of 90 GPa, Poisson’s ratio(v)
of 0.4 and a yield stress of 500 MPa were applied to ?he CT model. A pefiectly-plastic
material response, to stresses which exceed the yield value, was also assumed. An



interpolation table describing the thermal creep of a typical Zr-2.5Nb pressure tube material
was generated [9]. The explicit finite element program, H3DMAP, which uses critical
damping, dynamic relaxation techniques [11 ] to establish equilibrium for the time-dependent
creep solution, was used in conjunction with the interpolation table to determine the
anisotropic creep response of the CT sample.

A static pin displacement that simulates a load of 3.7kN was applied to the finite element

model. Figure 2 shows the distribution of the stresses (oYY)acting normal to the XZ symmetry
plane at time 0.0 h. Only the stresses of the elements in the center of the specimen, i.e. those
elements immediately adjacent to the XY symmetry pkme, are plotted. With the opening
displacement fixed, the creep relaxation process reduces the stress levels in the specimen.
The stresses after relaxation due to creep normal to the XZ plane at 60.Oh are also shown in

Figure 2. At time 0.0 h, a peak value of =750 MPa is present at 0.5 mm ahead of the notch.

The maximum value decreases, after 60. Oh, to =600 MPa. The creep process that induces a
reduction of the peak stress values generates a re-distribution of the stress levels adjacent to
the notch and an increase (broadening) of the stress levels fiu-ther ahead of the notch can be
seen.
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The elastic strain in a given specimen direction calculated in the finite element model is the
weighted sum of the strain components derived by expressing the strain tensor in each grain
in specimencoordinates. This strain component does not necessarily correspond to strains

originating in particular crystallographic directions. This was shown recently by Lorentzen

et. al. [12] in similar work performed on copper. The neutron diffraction measures the change
in strain in the <0002> crystallographic direction with time. In order to determine these
values analytically, the 3-D finite element stress tensors were used as input variables (i.e.,
boundary conditions) to an Elasto-Plastic Self-Consistent polycrystalline code (EPSC)
[13,14] . The details of the method of implementation of this code are to given in a later
publication. Briefly, using the texture of a typical Zr-2.5Nb material, the single crystal
properties of Zr-2.5Nb and their temperature dependence (from ref. [8]), the residual strains
generated during the manufacturing of the material and the heating-up from room

temperature to 300°C of the specimen, were calculated with the EPSC program. From this
calculation, the intergranular strain along the <0002> crystallographic axis is determined and
compared to that measured by neutron diffraction in the Y direction of the specimen. The
<0002> lattice strain profi]edetermined by using EPSC is shown in Figure 3, alongside the

neutron diffraction measurements. Measurements and calculations are given after 60 hours
creep relaxation has occurred.
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DISCUSSION

The experimentally and analytically determined strain distribution found here is typical as
that expected along the symmetry axis of a specimen in bending. Previously [1], 2-D plane
strain and plane stress analyses were used to determine the stress in the CT specimen. The

strain acting in the Y direction (cYY)was determined from the 2-D analyses using

~YY = + (Oyy- v (cr.. + Q) (2)

The 2-D CHand the 3-D EPSC <0002> strains are shown in Figure 4. The 2-D strains show
the general trend of the strain variation ahead of the notch, but do not capture the neutron
diffraction measurements very well. In Figure 3, the experimentally determined lattice strains

cross the abscissa at 5 mm ahead of the notch, while in Figure 4, the Eyy strain crosses at the 3
mm position. The 3-D EPSC <0002> strains are in much better agreement with the neutron
diffraction results and cross at the 4.5 mm position. The EPSC results indicate a higher peak
value than the neutron diffraction. This may be a consequence of the EPSC results being
derived from a subset of elements that constitute a very small fraction of the neutron
diffraction scanning volume. A more detailed analysis, where the 3-D finite element results
are scanned (averaged) within the same volume as the neutron beam is required and will be
performed at a later date.

The 3-D strain results indicate a higher strain value at the notch (0.Omm) than the neutron
diffraction measurements. This may be due to inaccuracies in the calculation of the
integranular strains by the EPSC code. It could also be attributed to the resolution of the
neutron diffraction technique when the scanning volume is close to the edge of the sample.
However, the agreement between the measurement and the calculated strains is considered
very good given that the discrepancy is well within the standard deviation in the measurement

(i.e., about +1 x 104).

In the present model, the Zr-2.5Nb is assumed to have an isotropic elastically/perfectly-
plastic deformation behaviour. However, it is known that pressure tube material has highly
anisotropic elastic and plastic properties. Thus the calculated response will be altered slightly
when the 3-D elastic and plastic anisotropy of the material is taken into account.

Future analysis will examine the 3-D CT model with anisotropic elastic, plastic work-
hardening, creep material behaviour and by employing appropriate averaging of the lattice
strains in the neutron scanning volume.

CONCLUSIONS

The creep relaxation of the stresses and strains in a blunt notched CTS sample have been
examined using a 3-D finite element model that includes the anisotropic creep behaviour of
ZR-2.5Nb. The calculated 3-D <002> lattice strains are in good agreement with the neutron
diffraction measurements. The neuiron diffraction and analytical techniques have shown that
the stresses ahead of the notch relax with time mairdy due to thermal creep.
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