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ABSTRACT

This study is focused on the impact of rapid Reactivity Initiated Accid®i#) representative strain rates (about]H) on
the behavior and fracture of unirradiated Cold Work Stress Relieved Zi¢a@adding tubes. Uniaxial ring tests (HT) and plane
strain ring tensile tests (PST) were performed in the 0.1 t&" $@ain rate range, at 25 °C. The local temperature increase due to
plastic dissipation was measured with a high-speed infrared camera

Limited temperature increases were measured at'Csirain rate. Limited but not strongly localized temperature increases
were measured at 1'sLarge temperature increase were measured aid5l@ s’ (142 °C at 53 strain rate in HT testsThe
local temperature increase induced heterogeneous temperature fields, wrdokednbktrain localization and resulted in a
reduction of the plastic elongation at fracture.

INTRODUCTION

The hypothetical control rod ejection in a Pressurized Water Reactor leads ta &iapiwhich triggers rapid thermal
expansion of the fuel pelletShese pellets expansion induced a strain-controlled loading on the cladding airaafigxl &
circumferential strain rate [1]. This phase is referred to as PCMI (Pellet Cladédiciwanical Interaction). Such a % strain rate
is susceptible to cause an important increase of the cladding tempersdiice glastic heat dissipation. The aim of the present
study is to quantify this temperature increase and its effect on tedgir4 cladding tubes behavior and fracture.

The temperature increase due to plastic heat dissipation assuming adiabaticn=editide estimated for uniaxial ring
tensile tests (Figure 1) performed on unirradiated Zircaloy-4, usirfgltbesing equation

T = PR
whereo is the uniaxial stress (MPag, is the plastic strain rate {5 p is the material density (kgfin C, is the specific heat
(J/kg/K) andp is the Taylor-Quinney coefficient [2, 3The p coefficient varies with plastic strain [4] and can be greater than
one. Indeed, the heat released during a given time period is the plagji¢ @nsipated into heat plus a possible release of energy
previously stored in the matelrifp]. Regarding pure zirconium, it was shown that fheoefficient depended on the material
crystallographic texture: it is higher in non-basal than in basal directipri€l¢ée precisely, the results in [6] suggest that setting
B=90% is an acceptable assumption when stretching the samples in direciafiel® to zirconium <a> axis. In directions
parallels to <¢> axis, B increases from 50% to 75% from 0% to 10% plastic strain, and remains almost constant for higher plastic
strain In CWSR Zircaloy-4 cladding tubes, the crystallographic texture is sugh<c> axis are mostly in the radial-

circumferential plane at 30° to the radial direction. [Fherefore, the axial direction corresponds to a non-basal direction,
following which p=90%. The circumferential direction is not purely non basal, one may assuasilts inp=50%-90% To
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estimate an upper bound for the temperature increase, a v@a@086 was used and the stress level was assumed to be constant
and equal to the maximum stress. Therefore, equation 1 can be integratextfo to a given plastic strain level)(considering
B is independent of plastic strain:

AT = B &y )
=p— eq.
oC, (eq. 2)
The temperature increase at fracture is about€dsing the maximum stress and the plastic elongation at fracture:
s”—Lf_LO—ﬁ (eq. 3)
f Lo E '

With L, the elongation at fracturé, the calibrated gauge length equal tom®, o the stress at fracture and E the elasticity
modulus.

Considering the maximum duration of a CABRI test (76.4m&K®PNa4 [8]), the thermal diffusion distande= v/Dt, with
D the thermal diffusivity of zirconium (ffs) [9] andt the time (s), is about 0.7 mm. Thus, the diffusion distance ifasito the
sample dimensions (0.57 mm in thickness for instance). As seguoance, adiabatic conditions are nofilfatl in RIA
conditions. The local maximum temperature increase due to plastic heattibssis expected to decrease when the pulse
duration increaseslhe effect of a local temperature increase on the fracture strain (at locat amacroscopic scale) is not
trivial. On one hand the temperature increase may increase the materidlygdbgctilon the other hand the induced heterogeneous
thermal field could promote strain localization.

In order to measure the local heating at RIA strain rates and its potewpizadt on the behavior and fracture, uniaxial tensile
test on ring and plane strain tensile tests were performed at strain rateg feomg 0.1 to 10 S at 25 °Con Zircaloy-4 cladding
tubes and were monitored with a high-speed infrared camera. First, thaltfietds measured during such tests are described
and their impact on the mechanical behavior and fracture is discussedtfiehtamperature increase at higher temperature (350
°C and 480 °CJs theoretically estimated using the energy balance.

MATERIAL

The studied material consistin 9.5 mm external diameter and 0.57 mm thickness tubes of\Wotlled Stress Relieved
(CWSR) unirradiated and non hydrided Zircaloy-4 provided by CEZW&pany. The grain size measured by statistical
analysis of polarized light optical picturess 2.5+0.7umin radial, 3.7£0.7umin circumferential and of about 10 um in the tube
axial direction. This material was obtained with the standard manufactortey for CWSR Zircaloy-4. For this route, most of
the zirconium <c> axis are oriented &0% to the tube radial direction and one of tad 010 > direction is aligned with the tube
axial direction [7].

PROCEDURES

a. Tensile tests

Uniaxial ring (Figure Land plane strain ring tensile tests (Figurev@re performed. In the following, they would be referred
to as HT for Hoop Tensile test and PST for Plane Strain Tensile tests, respettiedi gauge sectiowas 2 mm wide (W)
and 3mm (Lg) long. The PST geometry hase clearly calibrated gauge length because stress and strain fields aredmteusg
in PST samples. However, the gauge section was considered equal to the notobtes dija2 mm in order to derive from the
displacement a macroscopic strain value. During a PST test°@t #5vas shown by Le Saux [10] that a centered areanoinl
in circumferential direction and 2 mm in axial direction reaches plane straiitionadBoth types of tensile tests were done
using two 8.30 mm diameter D-shape mandrels on an INSTRON sedvaifig tensile machine (Figure 3o “dog-bone” part
was used and no lubricant was inserted between mandrel and riome AN, the accuracy of the load measurements is better
than 0.1%, and the discrepancy on the imposed strain rate is lower tB@anT@s load-displacement curve was recorded with a
1024Hz frequency.

b. Infrared monitoring

The tests were monitored with a FLIR SC7000 high-speed infrane@raaat frame rates up to 366@. The spatial
resolution of the infrared measuremeavds 70 pum/pixelin HT tests and 110 pm/pixéh PST tests. Before the tensile tests, a
7778 BBQ black RUSTOLEUR black paint coating was hand sprayed in a reproductive manner. The dbatigess was
ranging from10 umto 15 pm based on scanning electron microscope cross sectiensatbss. Comparison of infrared camera



and thermocouple measurements showed that the coating emis&git.92 at room temperature and was constant up to
200°C. It was checked tha 5% uncertainty on the emissivity results in a 0.4 °C uncertainthembsolute temperature at
25°C, and a 1.9 °C uncertainty at 90. The HT tests were monitored with the infrared camera at a 30° angle &amoriinal to

the sample gauge section, and PST tests with a 0° angle. The redsotiltdd angle is HT samples were also monitored with a
high speed optical camera for DIC application. The tilted angle is not an éggmrding the temperature measurements bedawuse
was shown by Poncelet [11] that the emissivity of highly sivésblack coatings remained constant u@ #b° angle In the
following, all the thermal measurements are expreaseelative temperatureA(’) to get rid of any parasitrefl ections thatwere
supposed not to vary during the ssttort durations (the longetest lasted less than 56 s

Loading direction t ‘ |<°—“-1
g 7 (///10/7/'!0/‘0(/ vith IR
1] V \ L _\ = =~
Iw ~® —3 -
283 |, Loading direcfio
230,05 Figure 2: PST sample drawing.

o

Figure 3: Black painted PSsémp ep aced on the D-shape mandrels.

c. Thickness reduction at fracture and elongation at fracture measurements

The thickness reduction at fracture Ae/e was measured with an optical macroscope on the radial axial plane,2@ith
measurements on both sides of the fractured specimensintheainty on the average plastic strain in the thickness direction
was estimated to be 1.5% for PST samples and 0.6% for HT samples. The HE€gdhkiokduction was measured in the center of
the 2 mm gauge section, in a 0.3 mm axially extended area.

Plastic elongation at fractu#’ was calculated from the load-displacement curves and the gauge lengibd défive.

RESULTS

HT tests and PST tests both require a limited quantity of material. The Idadiiglity level in HT tests is mainly uniaxial in
the circumferential direction, which not representative of the loading biaxialitgctegb in RIA conditions that is from plane
strain to equibiaxial conditions. Thus, PST tests, which allow reaching pitaireconditions, were also performed.

The mechanical test results and associated temperature measurements are lisgdifioivégual test in Table 1. Averaged
values for each type of tests are presented in Table 2. The parampgiisrthe yield stress (MPag, is the maximum stress
(MPa), €2 (%) is the plastic strain at the maximum loda/e is the thickness reduction at fractuteT,, is the average

temperature increase at fracture on a gauge section centered area (I 2HT tests and 2.0 x 0r@n¥ for PST tests) and
ATax IS the maximum temperature increase at fracture, measured on tisé pigeteon the whole infrared frame.



Mechanical results Infrared camera measurements
Test Strain o
AT, C °
type rate (s%) o . , avg (°C) ATypqx (°C)
0. u P (g 0 0
(MPa) | (MPa) | = (0 | & (%) | Ae/e (%) At " At "
maximum maximum
fracture Fracture
load load

HT 0.1 778 855 2.7 24.7 34.5 15 6.2 1.3 11.9
HT 0.1 757 846 3.1 15.2 33.3 1.7 6.3 1.8 12.8
HT 5 839 903 15 16.5 36.9 1.3 52.9 2.7 142.0
HT 5 842 911 1.6 18.2 35.4 0.1 48.1 0.7 130.8
HT 5 825 902 1.9 19.1 36.0 0.3 57.5 2 140.9
PST 0.1 808 981 4.2 15.2 13.4 15 3.8 15 5.9
PST 0.1 788 981 5.1 16.8 20.1 1.7 4.3 1.8 4.8
PST 1 829 993 4.4 14.0 13.8 4.7 22.5 12.0 30.3
PST 1 842 1009 4.6 15.3 14.8 4.9 23.4 10.4 29.1
PST 2.5 848 1006 4.5 11.3 15.5 54 29.4 21.0 46.1
PST 5 854 1030 4.3 12.5 17.7 1.9 29.6 17.2 59.8
PST 5 842 1031 3.9 14.1 17.2 1.9 46.3 15.6 74.2
PST 5 848 1024 4.5 125 13.3 1.6 25.2 19.3 62.0
PST 5 791 1025 3.9 14.0 20.6 1.9 39.5 14.4 67.1
PST 5 832 1014 4.2 13.1 15.2 1.3 41.0 15.5 67.9
PST 5 850 1018 4.2 10.9 17.1 1.3 22.7 13.4 28.6
PST 10 869 1036 3.5 10.9 15.0 2.4 28.2 25.7 73.6
PST 10 806 1032 3.5 125 20.4 0.9 37.5 21.8 84.7

Table 1. Mechanical results and infrared camera measurements of the individual tensile tests performeditial test
temperature is 25 °C).

Mechanical results Infrared camera measurements
Strain
Test rate Number ATy, (°C) AT,y (°C)
type ) of tests
S %02 | g MPa) | ) | @) | 4¢/C
(MPa) " (%) Al At maximum At
maximum At fracture

| load Fracture

oad
HT 0.1 2 768+15 851+6 2.9+0.3 | 25.0+0.4| 33.9+0.8| 1.6%0.1 6.310.1 1.6+0.4 12.4+0.6
HT 5 3 83519 90515 1.740.2 17.9+1.3 | 36.1+0.8 0.6+0.6 52.8+4.7 1.8+1.0 137.946.2
PST 0.1 2 798114 981+0 4.7+0.6 16.0+£1.1| 16.8+4.7 1.6+0.1 4.1+0.4 1.7+0.2 5.4+0.8
PST 1 2 83619 1001+11 45+0.1 | 14.720.9| 14.3+0.7| 4.810.1 23.0£0.6 11.2+1.1 29.7+0.8
PST 2 1 848 1006 4.5 11.3 15.5 5.4 29.4 21.0 46.1
PST 5 6 836+23 1024+7 4.2+0.2 12.9+1.2 | 16.9+2.5 1.7+0.3 34.1+9.5 15.9+2.1 63.318.8
PST 10 2 838+45 103443 3.5+0.0 | 11.7#1.1| 17.743.8| 1.7+1.1 32.946.6 23.8+2.8 79.2+7.8

Table 2 Mechanical tests and infrared camera measurements averaged results.

a. HT tests at 25 °C

During HT tests at 25 °C, the temperature increase visible on the infraneeisfiwas less localized at 0tkan at 53 due
to heat conduction (Figure).4The infrared detector saturated at 125 °C (100 °C temperature increass).thghtemperature
increases at fracture were greater than 100 °C, for instance in HT Sest atrain rate, the temperature increase evolution was
extrapolated following the linear trend of the temperature increase obsgrvedhe maximum load. The maximum temperature
increase at fracture reached 142 °C at' S&ain rate, while it was limited to 12 °C at 071 Fhis high local temperature



enhanced the material ductility: the thickness reduction at frastifieincreases slightly when the strain rate increased from 0.1
to 5 §' (Table 2). On the other hand, the heterogeneous temperature field ensimairetbcalizatiorin the gauge section: the
plastic elongation at fracturef)o decreased from 25% to 18% (-29%). The strain in the gauge sect@maily more localized at

5 s* than at 0.1°$ macroscopic strain rate (Figure &) addition, higler strain ratesddto a steeper load decrease right after the
load maximum (Figure)6
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(b)
Figure 4: Load-displacement evolution and infrared frames in a HT test at (a) 0.s* and (b) 5 §' strain rate. Several
temperature scales were used



Figure 5 : Aspect of additional HT samples gauge length tested at
Prior to testing, samples surfaces were sputtered with black and white paint droger digital image correlation purpose
(not detailed in the present paper).
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Figure 6: Individual load-displacement in HT tests with the (a) average temperature and (b) maxiom temperature
evolution, and resulting average evolution.

A zoom on the elastic phase of the HT tests sitbavthermoelasticfeect (Figure 7. The specimen temperature decreased
during the tensile loading in the elastic regime. Under adiabatic conditienthebretical temperature decrease can be calculated
with the following equation:

AT = aTE A 4
=0 ke (eq. 4)
with o the expansion coefficiefiK ™), calculated as a weighting of the expansion in zirconium < a > and <ctiolis [12]
a, =495 %107 (K1) (eq.5)
a. =1.25x107° (K1) (eq. 6)

with the typical Kearns factors [7] for CWSR claddings equalfite= 0.6 in the radial direction andy = 0.3 in the
circumferential one. The term T is the average temperature (room temperathesgresent case, in K), E is the elasticity
modulus (GPa)p is the material density (kgfn C is the specific heat (J/kg/K)¢ is the elastic strain variation. As expected, the
measured thermoelastic effagss lower at 0.1 Sthan at 53, which was itself lower than the adiabatic estimate due to heat
losses by conduction (the elasticity contribution of the tensile machinsetungl was assumed to be negligible). The discrepancy



between experimental measurements and the theoretical estimate nudhe dle to the non-uniform stress distribution in the
specimen due to some bending up to 0.5% plastic strain [18]d&trease in temperature at’Sasms limited to -0.4 °C, which
was negligible in comparison to the temperature increase due to plasticitgodtereproducibility of the measurement of the
thermoelastic induced temperature variation demonstrated that the setupdupes and temporal synchronization are
sufficiently accurate to capture such a limitéfeet in a reproducible fashion.
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Figure 7: Zoom on the elastic phase showing a thermoelastic phenomenonad-displacement, maximum and average
temperature ewvolutions during a HT test at 25 °C and 0.1'Sand 5 $' strain rates.

b. PST tests at 25 °C

During PST tests at 25 °C, similarly to HT tests, the temperature inasasgess pronounced at 0.1 strain rates than at 5
s* (Figure §. The temperature distribution measured at Svas in agreement with the circumferential strain map measured by
digital image correlation by Le Saux [1@he circumferential strain is localized at the notches and in two bands tlatrebd
the central area (the central area is in plane strain)

The maximum temperature increase at fracture ¥&8C at 5 §* macroscopic strain rate, whilevitas about 5 °C at 0.1's
strain rate (Figure 9)Some specimens failed on the opposite side to the one monitoredibfrahed camera, the PST sample
tested at 55 showed in Figure 8(b) for instance. The temperature increase midar sihatever the side on which the sample
was fractured, as shown blyetmarkers “front” and “back” in Figure 9, which identify the samples that failed in front of the
camera or on the opposite sidde temperature increaseas mainly located at the noteg where the stress biaxiality was low
(uniaxial) while the central area in plane strain conditions showed limitecttatape increase.

The fracture of the PST samples tested in the present study were congistehe scenario described by Le Saux [10]
First, a through thickness plastic strain instability initiated on the inner side in the akthiergauge section and propagated in a
plane at 45to the radial directionSecondly, the crack propagated axially toward the notches and bifubedited the complete
fracture of the sample. It was observed in the present study thaspbet of the fractured sampleas identical whatever the
strain rate. Thus, the fracture of PST sanwés not initiated where the temperature increase due to plastic dissipaidhe
highest (at the notches), but were the stress triaxiality lexssl the highest (in the plane strain ar€adnsequently, the thickness
reduction at fracturde/e was independent of the strain rate. Similar observation was reported on[PST samples when the
strain rate was increased from*l¥)} to 1¢s™. On the contrary, the plastic elongation at fracture was affected by the &tumper
increase at the notches. It decreased in -20% when the strain rate was irfcoeadeti to 5 3.

As observed in HT tests, a higher strain rate led to a steeper load decreaseeaft@ximum load (Figur&0). The
magnitude of the slope was only 1.5 times steeper when the straimas increased from 0.1 to % while it was 2.1 times
steepzlr in HT test3he load maximum wa874 MPa at 0.1°S, increased up to 1020 MPa at} and increased up to 1029 MPa
at10s.
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Figure 8: Load-displacement evolution and infrared framesiuring a PST test at (a) 0.15and (b) 5 §" strain rate.
Several temperature scales were used.
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The temperature distributions measured between the two notches fapP8mens tested at different strain rates, after the
load maximum are reported in Figuk& For the PST specimen tested at 0'1tke temperature distributions were homogeneous
and showed almost no local heating. At 1'sthe temperature increased and heat conduction resulted in a relatim@geneous
distribution. When the strain rate was further increased.5p52and 103, the thermal diffusion length decreased and the
temperature increased sharply at the notches where high plastic straéneeasred. Therefore, the temperature on the gauge
section center first increased and then declined when the strain cetasied from 0.10 10s™. This is also visible in the
evolution of the average temperature increase in Figure 9(a). The studiadrate range turned out to belouble transition
from almost no local heating to important temperature increase and significant heat conduction to nearly adiabatic
conditions.
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Figure 11. Temperature at 0.32 plastic elongationsoon after the maximum load, along a line joining the two notches
of a plane strain specimen.

c. HT at higher temperature: 350 °C and 480 °C
Infrared measurements were also performed at higher temperaturese biack coating cracked before reaching the
maximum load. Thus, the heating due to plasticity dissipation was estithatedtically at 350 °C and 480 °C at 5sérain rate
in HT tests. The procedure consisin computing the ratio of the density= 6550 — 0.1685T (K)K in kg/m® [9] times the
specfic heatC, = 255.66 + 0.1024T(°K) [12] in J/kg/K and times the average temperature incradgg, divided by the
integral of the macroscopic stress times the plastic sfraif, as shown in the following equation:
pZSCZSATavg—ZS _ p350C350ATavg—350 _ p350C350ATavg—480

= = 7
Joels Joels, J oelso (- 7)
The subscript 25, 350 and 480 correspond t&@350°C and 480°C, respectivelAdditional tensile tests were performed
at 350 °C and 48¢C, and then were used to determine the evolutichafy,, and [ oe}g,in function of the plastic elongation
The only unknown parameters were the temperature increaseshatehigerature AT;s, and AT,g,). The equation 7 was
deduced from the two following assumptions: fh&efficient remained constant with the strain level and the temperature, and
heat losses are small compared to the heat produdienestimate obtained using equation 7, showed in Fitgrgave an

average temperature increase at fracture equalliQ,_sso = 25 °C and AT,yg_4g0 = 20 °C, While it WasAT,y,_,5 = 47 °C

during room temperature testing at a 17.5% plastic elongation (close to theasﬁm'cturesg at 25 °C). This lower average

temperature increase during higher temperature tests was mainly dutteahstress level for a given plastic strain.
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Figure 12 Experimental Load-plastic strain curves of HT tests at 25°C, 350°C and 480°C, experimentalexage
temperature increase (AT, )-plastic strain curve at 25°C and calculated at 350 and 480°C.

DISCUSSION: CONSEQUENCES OF THE LOCAL TEMPERATURE INCREASE ON THE ANALYSIS OF
MECHANICAL TESTS AT RIA-PCMI PHASE REPRESENTATIVE STRAIN RATES

Le Saux et al. [14] analysis of the PROMETRA database [15] showdhih stress strain sensitivity = dln(a)/dn(€),
which represents the material capability to resist to strain localization, increased.€13 at 25 °C to 0.022 at 400 °C and then
rose steadily to about 0.24 &00 °C. In addition, the thermal conductivity increases in 30% from 25 °C @o°@8for Zircaloy
alloys [12], thus limiting the localization of the temperature incred$ese two last statements together with the lower
temperature increase at high temperature indicate that the magnitindestdngation at fracture reduction due to material auto-
heating would likely be lower at 350 °C than at £5 &nd even lower at 48@?

The cladding circumferential strain rate in RIA conditions is about. ITkerefore, limited local heating (<25 °C) due to
plastic dissipation may occur after the maximum load and the increasmpertgure should not be strongly localized due to
significant heat conduction. Nonetheless, a limited localized temperature increltberdtance strain localization. Now that the
general trend and magnitude of the temperature increase is known tratheage range from 0.1 to 18,durther studies should
focus on strain rates close to}, st RIA representative temperatures. Due to heat conduction, an accurate edtimatecal
temperature cannot be done assuming adiabatic conditions and would requipéed tieermal-mechanical calculation scheme.

Concerning the interpretation of previous experimental resultspriasent study showed the local temperature increase
becomes significant after the maximum load is reached. Thus,ataeneters such as the maximum load and uniform strain
would not be significantly affected. On the other hand, the plastic elongatifacture should not be used to quantify the
material ductility at strain rate greater than O'lkmecause of the local temperature increase induced by the plastic heat
dissipation. Indeed, the -29% reduction in the plastic elongation at fraweasured during HT tests at 0.1 and"5w&s not due
to a material ductility sensitivity to strain rate. It was due to the strain locatizatimced by the heterogeneous thermal field,
which depends on the geometry of the tensile test sample.

This last point should be reminded of, when the elongation at fraditaaedby uniaxial ring testing is converted to higher
stress biaxialities using correction factors [16]. The present study shbateatiis method is not directly applicable for strain rate
greater than 0.1's(and a fortiori for strain rate higher than™).s A more local measurement of the fracture strain, such as the
thickness reduction or full field techniques such as Digital Image Correlttmud be used instead of the plastic elongation at
fracture

CONCLUSION

Infrared measurements of the local heating due to plastic dissipation wiemenger during tensile tests at 25 °C in the strain
rate range from 0.1 to 10'sith two different tensile tests on CWSR Zircaloy-4 cladding tub@sitéd temperature increase
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was measured at 0.7 strain rate, while it reached2°C at 5 & strain rate in uniaxial ring tests. Local temperature increase was
observed between 0.1 and 1 8levertheless, the temperature increase was limited in magnitude (< 28T irests at 1”sat
fracture) and was not strongly localized due to thermal conduction. At siteigreater than I'sthe local temperature increase
induced heterogeneous temperature fields. It induced a plastic elongatractatef reduction. The local thickness reduction
measurement showed this was not due to a drop in material dudtiiitg fracture strains of mechanical tests at strain rates
equal or greater than T should be measured at a local scale to assess the material intrinsic fracturebehavio
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