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INTRODUCTION

This paper deals with the fracture characterigifddO, fuel. At low temperature (<900 °C) this ceramic
has a brittle behavior in traction. The knowledf&acture parameters for irradiated WfDel is useful to
model and understand the behavior of the fuel &tar. The crack model used in numerical simulation
of the fuel rod behavior is based on two main pa&tans: the critical stress and the fracture toughiriehe
aim of this article is to analyze fracture test&dntify these two parameters at different scalesobtain
the rupture parameters, we use two kinds of safsple@oth and notched samples) with three sizese larg
(28x4x4 mmi), small (10x1.5x1.5 mf and micrometric (13x4x3 pin Fracture toughness is a local
parameter that can be measured using notched sangdeit depends weakly on the sample size.
Nevertheless, critical stress seems to depend eside of the sample. In this article, this problism
discussed using analytical and numerical approaches

FRACTURE MODELS
To model the cracks initiation and propagation wedia simple cohesive zone model (Dugdale 1960 and

Barenblatt 1962). The model can be described byolleving equations, with corresponding parameters
as defined in Figure 1.
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Figure 1: Stress versus displacement (crack opgnirtipe cohesive zone model

To verify the model consistency K ), we have to add the following condition:
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The parametek,, must be sufficiently high to avoid an importansglacement before reaching critical
stresso,., but not too large to avoid numerical instabittién the certain range of values, the response of
the model is independent of this parameter. In pavious studies (Gatt 2015) we founk,, =
6.10'* Pa/m.

In that case, this model depends only of two “pteiSi parameters, the critical stress and fracture
toughnesg,.. From equatiorfl), the following behavior law can be deduced:

(Knunifun<6
5 —
Op, =i< un>acif5s u, < 6 )

66 —Up

0if u, > 6,
This model can be modified to be used directhyinitd elements approach (Michel 2008). In this cése
cohesive law described in Figure 2 is determinedway parameterss, the critical stress angl;;; =
%Z—Csz, the cracking softening modulus(being the finite element length (the half distabeéveen the
Gauss points) in the direction perpendicular tocttaek plane).
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Figure 2: Smeared crack model

ANALYTICAL APPROACH

As shown in Gatt 2015, the goal is to evaluatedtiical stress from the study of smooth specimens
submitted to a three points bending test (see Eigtor notations). In that objective, we are gdiogise
an approach introduced by Leguillon 2002, basetivorparameters: the critical stregsand the fracture

toughnesg: . or the critical stress intensity factly (= \/G.E) in plane stressE(is the Young’s modulus).
To observe a fracture, we need to verify thesedniteria:

{k(x)amax >0, FL

ith - 4
AWVdogg, = K, o Omex =T @)

k(x) andA(x) (with x = d/t : see Figur&®) are two following functions defined (&) and (6):

VxP(x)

k(x) =1—-2x and A(x) = A+ 200 -0 (5)

From Anderson 1991, we have:
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P(x) = 1.99 — x(1 — x)(2.15 — 3.93x + 2.7x?) (6)
This approach is consistent with the cohesive zondel and smeared crack model. For macroscopic
samples (28x4x4 mivand 10x1.5x1.5 mi), when the critical stress is reached, the damétee sample

begins (the stress decreases). The sample breaksiwthe same time, on a lengttthe two criteria are

verified. We observe that stays small compared to sample thickndsis 6mall), so the first equation of
(5) is a good approximation of the stress distrdyut
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Figure 3: Three points bending sample

The failure of smooth specimen is obtained if thie following conditions are verified:

{k(J?)JR =g, (7
A(f)\/?O'R =K,

According to the first equation of system (4) ahne definition ofk (%) in (7), we have:

e 1-2% (8)
OR

And from the second equation of system (4) we have:

K,
K ©
A(x) \/?O'R

These two last equatio8) and(9) allow plotting the curves shown in Figure 4 arigle 5.
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Figure 4 A function Figureb5: Critical stres evaluatiot from fracture
stress

If we compare analytical approach and numericat@gh, we obtain a good correspondence as shown in
Figure 6.
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Figure 6: Comparison of the three approaches: Qah&sne Model, Smeared Crack Model and
Analytical Model (respectively CZM, SCM and AM).

TESTSRESULTS

Tests on macroscopic (28x4x4 rhiand 10x1.5x1.5 mfh (Gatt 2015) and microscopic (15x4x4 f)m
(Henry 2019) notched and smooth tamples have been performed.

Macroscopic samples

For macroscopic samples (Gatt 2015), the ruptuessis evaluated between 104 and 141 MPa for small
samples and between 126 MPa and 144 MPa for laggles. The critical stress intensity factor is
evaluated at 2 MPa.m0.5(x0.5).

Numerical simulations shown that the critical strean be taken equal to 100 MPa.

Microscopic samples

In this case, the shape and the loading of sangredifferent for manufacturing reasons. Whereas
macroscopic samples are submitted to three poértdibg tests (Figure 3) with an imposed displacémen
rate, microscopic samples are submitted to simgeding tests with an imposed force rate. The
microscopic samples have been milled in the fuéh wifocused ion beam (FIB) of an Aurega FIB SEM
(Scanning Electron Microscope) of Carl Zeiss (Figdy. The cantilevers were bent in the FIB SEM with
a CSM NHT2 nano-indenter at a constant speed &fidN/s until the fracture. Each micro-cantileveswa
machined into a single grain of an anisotropic taflise sample of U@(Henry 2019).

Figure 7: SEM image - Microscopic notched cantitesifresh uQ
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The critical stress intensity factor has been etalll on notched microscopic sample at 1.96 MPa
m®%+0.3). This evaluation is consistent with the nescopic testing. At microscopic scale, the sizthef
sample being smaller than the grain size, testdiffierent crystalline plane orientations have been
performed. These tests show a small evolution (£8%j)he critical stress intensity factor with the
crystalline plan targeted.

Tests on smooth microscopic samples have also fEormed. For a sample size of L=15.67 um, W =
3.03um, C =1.34 um and B = 3.77 um (see notafange 8) fracture stress was evaluated at 3.0 GPa
using the analytical equatio(t0), (11) and(12).

INTERPRETATION OF THE TESTSRESULTSON MICROSCOPIC SAMPLES

To assess the critical stress from microscopistése same approach is used: analytical and noaheri
approaches.

Analytical analysis

For analytical approach, we assume a perfect enmipddl the sample. In this case, the maximal stiess
(see Figure 8 for notations):

_ Pngx L.z (10)
Omax = T

With P,,,,the maximal load ang; the inertia defined in equati¢@2).
The position z of the gravity center is:

3 W24+ C?+3.C.W (11)
T e W+3.C
In addition, the inertia moment reads:
. _B.W3+BW< W)2+B.C3+BC +<C)2 (12)
D) P77 36 T2 W=D+ (3

N

W

P --»
( \/

Figure 8: Notations for microscopic sample (pentejjcection)

crccegipccccccccccscdedace]

For pentagonal sample, the function A(x) calculdtgfinite element analysis by Chan 2016 (wth: zd—z)
is :
A(x) = mx.(0,974 + 0,242x — 0,630x2 + 3.710x3) (27)



25" Conference on Structural Mechanics in Reactor fielciyy
Charlotte, NC, USA, August 4-9, 2019
Division Il

In the case of pentagonal cantilever, Figure 4kigdre 5 are transformed into following Figures:
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Figure9: A function FigurelC: Critical stress evaluation from fractt
stress

If we perform the same analysis as for macrosceguiaples, the critical stress obtained is much hitjtzan
for macroscopic samples: 2.8 GPa. This result isplhat the critical stress depends of the sizbef
sample.

Numerical analysis. Elastic evaluation

To solve this problem, we have tried, in a fireidi to evaluate more accurately the fracture streesigh
numerical simulation, assuming a perfect embeddihg. fracture stress is nearly equal to analytce
as shown irFigure 11 In Figure 11we also observe an important stress concentrdtierto embedding
(for which z equals zero).
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Figure 11: Stress evolution along the length ofshmple

In a second time, we have considered a more rieadistbedding (Figure 13), according to Figure &, th
numerical maximal stress is lower but stays veghlfsee Figure 12).
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Figure 12: Stress evolution along the length ofdhaple

Numerical simulation with smeared crack model

The calculations have been performed using the img&ly finite elements presented in Figure 13.

Figure 13 Meshing of the structure

We took a critical stress equal to 100 MPa, andmgose a force at point C (Figure 13) as in thestdb

we plot the stress evolution along the thicknegh®beam (between points A and B in Figure 13)care
observe, in Figure 15, an increase of the stred#ffatent normalized times (at time 0 F=0 andimet 1
F=Fma=1.77.1C° N). At t=0.04, the critical stress is reached ainpA. At t=0.08 the critical stress is
reached on a larger thickness. Then, we observepagation on the damage zone. Nevertheless, we don
observe a decrease on the stress in this areanEhiss that the available energy is not suffidiegenerate
damage. In the compression part, the stress iresg¢agnaintain the balance of the flexion moment.
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Figure 14 Stress evolution along the thicknessi@tteam

If we continue to load, an evolution of the damagga is observed in the Figure 15. Neverthelessiont
observe a decrease € o,.) of the stress showing an evolution of the damage.
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Figure 15 Stress evolution along the thicknessi®tteam

If we plot the evolution of the stress along thegli of the sample (between points A and Eigure 13,

we observe (Figure 16) an increase of the streds the critical stress (t<0.04). The propagatibthe
damage is observed on the length and a local deecddhe stress from time t = 0.15. At t=0.41gsample
is broken (the stress reaches zero).

We observe that the fracture doesn’'t appear atethbedding but in a close area, as noted in the
experimental observations. In this case, the maxitnass can be evaluated around 1.25 GPa. Thig val
is important but smaller than the experimental @q[B.06 GPa). Nevertheless, the stress is equdlat
MPa between points A and C on all the length ofsdm@ple. This prediction does not seem to be palysic
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Figure 16 Stress evolution along the length ofttbam

If we take the theoretical value for critical sgd€that is to say 2.8 GPa), and if we impose aaligment
to evaluate more accurately the moment of the rafgee Figure 17), then the stress failure caledlss
3.03 GPa. This value is closed to the experimeratiaie 3.06 GPa.
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Figure 17: Stress and force versus displacement
CONCLUSION

To model the fracture of UGamples in bending, we used a smeared crack rhasetl on a zone cohesive
model. This model allows a good interpretationests in three points bending on macroscopic samiples
the framework of this first analysis, the parametdithe model (fracture toughness and criticalssy have
been identified. To extrapolate this identificatianthe microscopic scale, some difficulties appear
interpret the critical stress. If we take the samitical stress (100 MPa) for all the scales, tineutation
shows a rupture at 1.2 GPa for microscopic schlse Itake the theoretical critical stress at 2.8aGke
obtain the same failure stress as measured duméingxperimental tests. This study shows that titieadr
stress is not a local property but depends of téitestic of the defaults inside the material. Thare much
more defaults in a macroscopic sample than in aosgopic. Therefore, the critical stress is highehis
last one.
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