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ABSTRACT

This paper proposes a damaged viscoplastic model to simulate, for different isotherms (320, 350, 380, 400 and
420°C), the out-of-flux anisotropic mechanical behavior of cold work stress relieved Zircaloy-4 cladding tubes over the
fluence range 0-85.10** nm™ (E>1MeV). The model, identified from uni and biaxial tests conducted at 350 and 400°C,
is validated from tests performed at 320, 380 and 420°C. This model is able to simulate strain hardening under internal
pressure followed by a stress relaxation period (thermal creep), which is representative of a pellet cladding mechanical
interaction occurring during a power transient (class 2 incidental condition). Both the integration of a scalar state
variable, characterizing the damage caused by a bombardment with neutrons, and the modification of the static
recovery law allowed us to simulate the fast neutron flux effect (irradiation creep).
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INTRODUCTION

Today, more than 70 percent of French electric power has a nuclear origin, generated by 58 pressurized water
reactor (PWR). The research conducted by Electricité de France and dedicated to the fuel assembly life extension and
the production adaptability to the network demand brings about more severe mechanical loadings of the cladding.

To prevent the risk of failure of a cladding tube without excessive conservatism, it became consequently necessary
to simulate the anisotropic mechanical behavior of Zircaloy-4 with non-linear models predicting realistic fields of stress
and strain for all cases. Such a model should also be able to take into account the irradiation effects upon the
mechanical behaviour at cladding operating temperatures (ranging from 320°C to 420°C), fluences (which may reach
100.10* nm™, E>1MeV), and fast neutron flux.

An anisotropic viscoplastic model at 350°C was developed during a first phase from multiaxial tests conducted on
Zircaloy-4 tubes [1]. In a second phase, the model has been expanded to describe the effect of variable temperatures
(between 350 and 400°C),) before taking into account irradiation effect out-of-flux from non irradiated state to high
fluence (0 to 85 10** nm™, E>1MeV) [2]. This paper presents the last phase of the project during which the model has
been improved to describe the effects of long term creep, a larger temperature range (from 320°C to 420°C) and fast
neutron flux (irradiation creep).

MODELLING OF THE NON IRRADIATED MATERIAL

Isotherm (T=350°C)
The equations of the model are given in Table 1. The different parameters of the equations are initially constant and
therefore do not depend on temperature, irradiation state and neutron flux.

In the case of small strains, the total strain [€] can be split up into two terms: an elastic strain [¢°], assumed to be

isotropic and a viscoplastic strain [¢'”], which is anisotropic.
Three kinematical variables are necessary to simulate the strong non-linearity of the stress-strain curves. The
mechanical behavior is completely defined by the evolution laws of the kinematical hardening variables [X'], X'V

and [X'?]. The first term of these equations is the linear part of the hardening, the second term represents the dynamic
recovery and the last one represents the time-dependent static recovery.

Table 1. Equations of the model. Voigt matrix notations:1=r,2=0,3=z

T
(o] :[01 =61,03 =622,63 =0633,04 =0623,05 =03,0¢ 2012]

T
[e] = [81 =€1,8) =€9),83 =€33,84 = 28,3,85 = 2€13,8; :2812]




Constitutive equations (with classical notations)
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Anisotropy is introduced in the model through the four fourth order tensors affecting the flow direction [M], the
linear part of the kinematical hardening [N], and the dynamic and static recovery, [Q] and [R], of these hardening
variables, respectively. The symmetry of the crystallographic texture in the tubing reference system (r,0,z) induces
orthotropic properties, which explains the form of the anisotropy matrix : the matrices [M] [N], [Q], and [R] have an
orthotropic symmetry. For example, for [M]:

(M, M, M, 0 0 0

M, M, M, 0 0 0
[M]: M, M, M, 0 0 0 W

0 0 0 M, 0 0

0 0 0 0 M 0

| 0 0 0 0 0 M|
The relations of incompressibility lead to :

My +Mpy+Mis =My +My +Myy=Mi3+ My + My =0 2

To take into account the anisotropy of the cladding tubes, the model has been identified on mechanical tests
performed at various biaxial stress ratios a =c, /o, (the longitudinal stress divided by the hoop stress). Figures 1-2

show the comparison between some simulations and experimental results.
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Fig. 1 a) Longitudinal tensile tests performed at 350°C for different strain rates €, b) Biaxial tensile tests at

€y = 2.107% %/s for different stress-biaxiality ratio o.. Experimental results and simulations.
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Fig. 2 Longitudinal an biaxial creep tests performed at 350°C for different stress: a) o, and b) 6y =20, .
Experimental results and simulations.
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Fig. 3 a) Long term biaxial creep tests (o = 0.5) performed at 350°C for different stress ¢, b) Biaxial relaxation tests

(o =0.5) performed at 350°C for different strain rates €, . Experimental results and simulations.

The model is in good agreement with the results of the tensile and creep tests (Fig 1a and 2a), of the biaxial tests at
different biaxiality ratio a (Fig 1b), and of the biaxial creep tests with oo = 0.5 and different stress levels (Fig 2b-3a). At
this stage of the model development and of its identification on non irradiated claddings, the formulation is validated by
comparing the model predictions and the tensile tests performed under internal pressure and followed by a relaxation
phase (Fig 3b). These tests simulate a pellet-cladding mechanical interaction type loading. The results can be
considered satisfactory.

Temperature effect
Only the parameters £, N, €,, X,, ¥,, ¥, and R,, have been considered as temperature-dependent:

E(T)=E,-ET
N(T)=-N,y +N,T
€o(T) = 4g, exp(-AH / kT)[N(T)]"
Xo(T) = Ay, exp(=sT) 3)
1 (T) = A4, exp(~AH" | kT)[Xo(T)]™
Yo(T)=Y, -1,T

R (T) = (3/2)RE +n, expl- 0.5[(T =) /3 2}

Let us emphasize that the anisotropy matrix [R] depends on the temperature through the coefficient R,,. k is the

Boltzmann constant, AH and AH" the apparent creep activation energies.
The evolution of the six temperature-dependent parameters is numerically identified over all the uni and biaxial
tensile and creep tests performed at 350°C and 400°C (Fig 5 and 6a). The identification is validated by the comparison



between the calculation results and the experimental tests performed at 380°C and 420°C (Fig 7) as well as the use of
the pellet-cladding mechanical interaction type loading (hardening-relaxation test - Fig 6b).
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Fig. 4 a) Longitudinal tensile tests performed at 400°C for different strain rates €, b) Biaxial tensile tests performed at

400°C for different strain rates €, (stress-biaxiality ratio o = 0.5). Experimental results and simulations.
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Fig. 5 Longitudinal an biaxial creep tests performed at 400°C for different stress: a) 6, andb) 64 =20 .
Experimental results and simulations.
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Fig. 6 a) Long term biaxial creep tests performed at 400°C for o, =132 MPa . b) Biaxial relaxation tests performed at
400°C (g4 =2. 107 %/s ). Experimental results and simulations (o = 0.5)
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Fig.7 Predictive character of the model at 380 C and 420°C : a) Biaxial creep tests performed at 380°C for different
stress G, . b) Biaxial creep tests performed at 6, —c, =100 MPa for different temperatures.

Experimental results and simulations (o = 0.5)
MODELING OF THE IRRADIATION EFFECT (OUT-OF-FLUX)

The irradiation state induces a marked hardening as well as a decrease of the creep rate (Fig 8). These effects are
particularly apparent during two operating cycles in PWR (~45.10** nm™, E>1 MeV) and become less perceptible for
higher values of the fluence ¢ . To take into account the saturation observed in the evolution of the mechanical

properties, we use an isotropic damage variable D such as:
D=Dy(T") {1—exp[—D1(T*)¢]} 4)

where T is the irradiation temperature which may be different from the temperature T of the test. In this part of the

study, 7" is nearly constant (~335°C). A possible anisotropy of the damage might be easily integrated into the model
by introducing a second order tensor [A] such that [D]=[A]D.

The experimental results show that the static recovery of the material during creep tests is a decreasing function of
the fluence. According to this result, we propose to rewrite the evolution law of the kinematic strain hardening variable
[X'] by assuming the parameters X, and r, of the static recovery term to depend on the irradiation damage. To take
into account the strain-rate dependent stress evolution with irradiation, the parameters €, _x and if also depend on
the variable D . o
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Fig. 8 a) Biaxial tensile test performed €, =2. 107 %/s and 350°C on post-irradiated tubes b) Biaxial creep tests

performed at 6, =410 MPa and 350°C for different fluences. Experimental results and simulations (o = 0.5)

Let us recall that the five parameters N, g,, X,, r, and ¥,, which depend on damage, also depend on the

temperature. The evolution equations of these parameters are strongly non-linear, like the phenomena to be modeled :
N(T,D)=—-Ny + N, T + p[l —exp(—=tD)]
€0(T,D) = 4;, exp(-AH / kT)[N(T, D)]" exp(—xD" )
Xo(T.D)= Ay, exp(~sT)exp(-nD") (5)
rw(T,D) = 4, exp(~AH"/ kT)[X (T, D)]™ exp(-£D™)
L(T,D) =Y, ~oT + g[1 -exp(-g, D]

The model parameters linked to irradiation through the variable D, as well as those which control the kinetics of
D, are identified numerically on biaxial tensile and creep tests made at 350°C.

MODELING OF THE NEUTRON FLUX EFFECT

In order to incorporate irradiation creep due to fast neutron flux in the model and according to equation (4), the
damage evolution with respect to fast neutron flux is written as follows :

D =D\(T")[Dy(T")- D14 (6)
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where¢ is the neutron flux and 7* the irradiation temperature. Fig 9a shows that the saturation of the damage D,
depends on the irradiation temperature.
D, and D, are identified at 7" =335°C (irradiation temperature of the material for the post irradiated

experimental tests — 7* corresponds to the mean temperature of the fuel rod during base operating conditions). During a
test under fast neutron flux, the irradiation temperature is equal to the temperature of the test. The temperatures under
study are in the range of the significant hardening decrease (Fig 9a). Thus, according to Fig 9a, we propose a linear
evolution of the saturation of the damage with the irradiation temperature, allowing the cancellation of the damage
effects for temperatures above ~380°C:

DO(T*):<—ADPT*+ADI>’ D\(T") = D, =cste (7)
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Fig. 9 a) Yield Stress versus irradiation temperature during tensile test performed on post-irradiated material
b) Evolution of the steady creep rates versus stress at 380°C.

The integration of the damage law (6) is not sufficient to fit the experimental observations. Indeed, Fig 10 shows
that the static recovery drastically increases under fast neutron flux for temperatures lower than 380°C.
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Fig. 10 Fast neutron flux effect (¢ ~ 2.10'*n/cm?/s, a = 0.5) on the steady creep rates versus
a) temperature b) stress (350°C)

To take these observations into account, we propose to rewrite the evolution of the static recovery equation :
(0D 6) =X, (. D))" [4, exp(-£D™) exp(-aH" 1KT)) + 1, (")) ®)

with
R (T 8)= 4, (6) " exp(AH™ /KT") 9)

The tests used for the identification of the effects of the temperature correspond to all the available tests under the
neutron flux ¢ ~2.10"n/cm?%/s . Fig 11 shows the ability of the model to simulate biaxial irradiation creep.
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Fig. 11 Biaxial creep tests (o = 0.5) under fast neutron flux ¢ ~2.10"n/cm?/s . a) 350°C b) 320°C.
Experimental results and simulations.

CONCLUSION

A unified anisotropic damaged viscoplastic model has been developed to describe the experimental observations
(about 200 experimental tests). The model is able to simulate uni and biaxial tensile, creep, and relaxation tests for a
temperature test between 320°C and 420°C. The irradiation effects are integrated into the model by means of an
internal state scalar variable representing neutron damage. This variable simulates a larger strain hardening and a
smaller static recovery.
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In order to include irradiation creep due to fast neutron flux, the damage variable is integrated and the static recovery
term is modified to simulate a larger static recovery.

Future work to be done on this model will lead to incorporate irradiation creep due to fast neutron flux directly in the
kinetic law of the damage, using a static recovery term.
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