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Radiation, welding, temperature and strain rate influence 
on material properties in fast breeder reactors 

C. ALBERTINI, M. MONTAGNANI (ISPRA) and R. CENERINI, 
S. CURIONI (BOLOGNA) 

DYNAMIC monoaxial tensile tests were performed to determine stress-strain diagrams for strain 
rates ranging between 10-2 and 103 s-1 • Test temperatures were ambient, 400° and 550°C. 
The techniques . used at high strain rate were that of the Hopkinson bar with pre-stressed bar 
loading device, and a hydropneumatic machine. Low strain rates were obtained with conven
tional tensile testing machines. Test pieces for the investigation of the effects of welding were 
manufactured_ in order to observe the mechanical properties of weld material and of the heat
affected zone. The irradiation was performed in the Rapsodie reactor at Cadarache, up to 
a fluence of 7x 1021 n.cm-1, corresponding to a damage of 2.2 dpa, in a sodium environment 
at a temperature of 400°C. The irradiation was continued in the HFR at Petten, up to a damage 
of 10 and 30 dpa. The results of these later irradiations are not yet available. Defects due to 
welding and irradiation accentuated the strain rate sensitivity of the materials remarkably. 
As far as welding is concerned, it should be noted that: 1) at both room and high temperatures, 
the high deformation rate induces remarkable instabilities in the flow curves of weld and H.A.Z. 
materials as compared with the virgin material and with the "static" flow curve of the same 
material; 2) at high temperature both the weld and H.A.Z. materials show strain rate sensitivities 
of opposite signs with respect to the virgin material. In fact, it is possible to observe that the 
strength of the two welded materials decreases and that ·of the virgin material increases or 
remains constant as the strain rate increases. Furthermore, the fracture strain of the weld and 
H.A.Z. materials decreases while that of the virgin material remains constant as strain rate 
increases. The main effects · of irradiation are the substantial increase in the flow stress in tests 
performed at ambient temperature, at a given strain in the first part of the stress strain diagram 
and !he drastic reduction in ductility with respect to the virgin and thermally aged materi~. 
At h1gh temperature the flow stress of the irradiated material tends to decrease slightly wtth 
increasing strain rate. · 

Wykonano pr6by jednoosiowego rozci~gania dla okre8lenia zale:ino8ci «napr~i.enie>odksztal
cenie» przy pr~dko§ciach odksztaJcania zawartych mi~zy 10-2 i :t0- 3 s-1 w temperaturze oto
czenia, 400 oraz 550°C. Dla dui:ych pr~dko8ci odksztalcenia zastosowano technik~ pr~ta Hopkin
sona ze wst~pnie napr~:ionym ~dzeniem obci~i.aj~cym i silnikiem hydropneumatycznym. 
Dla maJych p~dko§ci zastosowano aparatur~ konwencjonaln~. Pr6bki do badania efekt6w 
spawalniczych wykonano w celu zaobserwowania wlasno§ci mechanicznych spawu i strefy 
nagrzanej. Napromieniowania dokonano w reaktorze Rapsodie w Cadarache do wartoSci dozy 
7 · 1021 n cm- 1 odpowiadaj~cej uszkodzeniu 2.2 dpa, w atmo~ferze sodu w temperaturze 400°C. 
Naswietlanie kontynuowano w HFR w Petten z uszkodzeniami si~gaj~cymi do 10 i 30 dpa. Wy
niki tych ostatnich napromieniowan nie s~ jeszcze osi~galne. Uszkodzenia wynikaj~ce ze spawania 
i napromieniowania zwi~kszaj~ w spos6b istotny wraZliwoSt materialu na pr~dkosc odksztalcenia. 
Je8Ii chodzi o spawanie, to nalezy podkre8lic, ze 1) w temperaturach tak pokojowych jak i pod
wyiszonych, dui:a pr~dkosc odksztalcenia wprowadza znaczn~ niestabilnosc do krzywych ply
ni~a material6w spoiny i strefy nagrzanej w por6wnaniu z materialem pierwotnym i « sta
tyczn~ » krzyw~ przeplywu dla tych material6w; 2) W wysokiej temperaturze zar6wno material 
spoiny jak i strefy nagrzanej wykazuje wraZliwosc na pr~osc odksztalcenia o znaku odwrotnym 
w stosunku do materialu pierwotnego. Mo:ina w istocie zauwa:iyc, i.e wytrzymalosc spawanych 
material6w maleje, a materialu pierwotnego wzrasta lub pozostaje niezmieniona przy rosn~cej 
pr~dkosci odksztalcania. Ponadto odksztalcenie przy ~kaniu materialu spoiny i strefy nagrzanej 
maleje, podczas gdy w materiale pierwotnym pozostaje ono niezmienione przy wzrastaj~cej pr~
ko8ci odksztalcenia. Gl6wnym efektem napromieniowania jest powai.ny wzrost nap~a plas
tycznego w badaniach wykonanych w temperaturze otoczenia (przy danym odksztalceniu 
w pierwszej cz~8ci wykresu a- e, jak r6wniez drastyczny spadek cillgliwoSci w stosunku do ma-
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terialu pierwotnego i termicznie starzonego. W wysokiej temperaturze napr~e plastyczne 
materialu napromieniowanego ma tendencj~ do slabego obnii:ania si~ ze wzrostem p~oSci 
odksztalcania. 

flpoBe~eHhi IIOIIbiTKH OAHOOCeBoro paCT.IDKeHWI Jt1V1 onpe~eJieHWI 3aBHHCHMOCTH ,H3III,1-
>KCime-~e<i»opM~" IIPK CKOpoCTJIX ~e<i>op~H CO~ep>KaBIIIHXCft: Me>K,Izy 10-~ H 10- 3 

cex- 1
, B TeMIIepaType OKpY>fWO~eA Cpe,ttbl 400 H 550° C. mm OOJI&IIIHX CKOpoCTeit ~e4>op

~H npUMeHeHa TCXHHKa CTCp>KWI roiiKHHCOHa C npe~apHTeJI&HO Hanp.IDKeHHbiM Harpy.>KlUO
~· yCTpoitCTBOM H C ~poiiHeBMaTJAeCKHM ~Hr8TeJieM. mm Mam.IX CKOpOCTeit npHMeHeHa 
KOHBeHIU!OHilJI&Haft: aiiiiapaTypa. 06pa:nn.~ Jt1V1 HCCJIC~OBaHWI 3<l><i>eKTOB CBapKH H3I'OTOBJie
Hhi C ~eJI&lO Ha6JllO~eimft: . MemunrqeCKHX CBOHCTB IIIBa H HarpeTOit 30Hhi. 06nyqeHHK npo
Be~eHhi B peaKTOpe PancoAH B ~apam ~o 3Ha'tleHHft: ~oabl 7 · 1011 IICM-2, omeqaJ()~eit 
noupe~eHHlO 2,2 g{at B aTMoc<i>epe HaTpM B TeMIIepazype 400°C. 06nyqeHHft: npo~oJDKa
JIHCL B fleTTeH C IIOBpe>K,ltelmft:MH, ~OCTHralOunlMH 10 .H 30 g{at. PeayJI&TaTbl 3THX IIOCJieAHHX 
OO.JiyqeH.Hit e~e HCH3BeCTHhl. floBpe>K,lteHHft:, BbiTeKlllO~e .H3 CBapKH .H OOJiyqeHHft:, yBeJIH• 
1I.HBalOT <:ymeCTBeHHbiM 00pa30M qysCTBHTeJI&HOCTb MaTepHaJia Ha CKOpoCT& ~e<i»opMBUHH. 
ECJm H~eT pe'lb 0 CBapKe, TO CJie~eT IIO~epKH}'TI>, qro a) TaK B KOMH8THbiX, KaK H IIOBbi· 
IIIeHHbiX TeMIJepaTypax 60Jibiiiaft: CKOpOCT& ~e<i>opM~ BBO~ 3Ha~JI&HY10 HeCTa6HJI&
H~ B KpHBble TeqeHWI MaTepHaJIOB IIIBa H HarpeTOH 30Hbl IIO cpaBHCHHlO C IIepBHtiHbiM 
MaTepHaJIOM H ,CTaTJAeCKOit" KpHBOH Teqelmft: Jt1V1 3THX MaTepHaJIOB, 6) B BbiCOKOii TeMIIe
paType TaK MaTepHaJI IIIBa, KaK H HarpeTOit 30Hhi IIOKa3biBaeT qysCTBHTCJI&HOCTb Ha CKOpoCTb 
~e<l»opMunm o6paTHoro 3HaKa qeM nepBifliHhlii Marepuan. Mo>KHo B C}'IIUIOCTH aaMeTHT&, 
qro npoqaOCT& MarepuaJIOB no~epmyn.IX cuapxe yMem.maeTcs:, a npoqaoCT& nepBH'IHoro 
MaTepHaJia B03paCTaeT HJIH OCTaeTCft: HeH3MeHHOit npu B03paCTalOII.leit CKOpOCTH ~e<i>opMal.lHH. 
KpoMe :noro ~e<i>OPMaiVUI npu paapymeim.H Marepuana IIIBa u uarpeToit aom.I yMem.IDaeTcK, 
B TO BpeMB: KaK B IIepBuqHOM MaTepuane OCTaeTCS: OHa HCH3MeHHOii IIPH B03pacnuo~eit 
CKOpOCTH ~e<i»opMunm. rnasHbiM 3<i><i>eKTO.M OOJiyqeHHJl HBJIJleTCft: 3Ha~JI&Hhlit poCT 
DJiaCTHqeCKOro HanpiDKeH.Hft: B HCCJIC~OBaimJIX IIpoBe~eHHbiX B TeMDepaType OKpy>!aliO~eit 
Cpe.l(bl (npH ~aHHOit Ae<i»opM~ B nepBoit tUCTH ~arpaMMhi 3-s), KaK TO>Ke pei.IIHTeJI&HOe 
DaACHHe T.Jilj'lleCTH IIO OTHOIIIemllO K nepBuqaOMY MaTepuany H K MaTep.HaJiy IIO~epmyroMy 
Tep~ecxoMy crapeHHlO. ·B Bblcoxoit TeMIIepazype IIJI~ecxoe aanpiDKeiiHe o6nyqemoro 
MaTepHaJia CTpeMIITC1l K CJiaOOMY CIUI>KCHHlO np.H pocTe CKOpoCTH ~ecPoPMaiUIH. 

1. Introduction 

THE DESIGN of nuclear structures subjected to dynamic loading demands special techniques 
which do not correspond to well-known techniques for static calculations. 

In fact the propagation of waves may induce such phenomena as reflection of waves, 
with concentration of stress and energy in particular points of the structure. 

The designer has a difficult task to harmonize the various reactor structures for static 
and dynamic (accident) conditions of loading. The values of material strength the designer 
normally uses are those obtained in statics. The tests that we and other researchers have 
performed on stainless steels at a high rate of strain have shown a stress-strain diagram 
different from the static diagram. 

As far as welded and irradiated materials at different temperatures are concerned, 
the strain rate has been found to have a strong influence on · elongation to rupture and 
flow stress. 

The dynamic tests performed at our laboratory concerned until now stainless steel 
materials. 

Because of the fact that different safety containment structures in nuclear powet: plants 
are built up with concrete, we planned to perform dynamic tests also on such a material 
whose dynamic constitutive equations are poorly known. The properties of concrete 
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(nonhomogeneity, anisotropy, etc.) render dynamic tests much more complicated than 
tests on steels. 

A special two-dimension dynamic machine was designed at I.R.C. Euratom Ispra 
for these tests. 

In order to find out the strain rate range at which the materials have to be tested, 
a preliminary analysis of possible accidents in nuclear power plants was performed. 

In order to maintain structural integrity during possible accidents, Nuclear Power 
Plant containment barriers have to be properly designed to resist several impact and over
pressure loadings. 

Explosion (as due to sabotage) and core accidents may cause high pressure waves 
against the barriers. 

Special care must be devoted to the design of the reactor pressure vessel by hydro-
dynamic (for the propagation of pressure pulses on the reactor core) and finite element 
structural code calculations for the dynamic response. 

The analysis of the response of the reactor vessel to a HCDA can be performed by 
studying separately the propagation of the pressure pulse inside the reactor core and the 
structural behaviour of the vessel wave. 

Explosives may cause strong pressure waves against barriers. For example, 1 Kg TNT 
gives at a I m distance a peak pressure of 2 · 106 N/m2 with a time duration of the pulse 
of 3 · t0- 2 sand an impulse (pressure-time integral) of 2.5 · 102 Ns m2 • 

Internal and external missiles, aircrafts and drops of heavy structures are the main 
causes of impact and penetration loadings. 

The missiles are usually divided into two categories according to their rigidity: 
deformable missiles (such as aircrafts) where the plastic tearing is important; 
rigid missiles (such as aircraft engines, valves, parts of turbine, etc.) where the geometry 

is simpler and can be solved easier. 

Two modes of structural damage due to a missile impact have to be considered. 

The perforation mode where the missile perforates the structural component. In this 
case the impacting time is short as compared to the fundamental eigenfrequency of the 
structure, and the local region impacted by the missile can be isolated from the remaining 
part of the structure. 

The collapse mode where ·the structural component loses all of its integrity. This prob
lem is solved by a modal analysis of the overall structure. 

Various empirical formulas exist for penetration and perforation thickness on concrete, 
like the Petry formula, the Ballistic Research Laboratory formula, the Army Corps of 
Engineers formula. Usually these formulas are based on experiments performed with 
high velocity and small diameter projectiles, while in nuclear plants safety, often low 
velocity and large diameter missiles must be considered. For example, engines of typical 
large jet aircrafts weigh 2+3 tons with diameters of the order of 171.5 m and a velocity 
of the order of 100 m/s. Use of the aforesaid formulas to such missiles gives unrealistic 
values for penetration and perforation depths in concrete. 

An analytical model was presented [l] for the evaluation of local effects (penetration 
and scabbing) on a reinforced concrete barrier due to deformable tornado-generated 
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missiles. Such missiles may have a weight of the order of 1007300 Kg with velocity 
ranging from 50 to 150 m/s. 

As far as large deformable missiles are concerned, some typical jet aircrafts like Boeing 
707-320 and 720 are often considered with their fuselage buckling load. With such loadings 
the overall stability of the structure is the main problem to be solved. 

2. Experimental techniques 

2.1. SpUt Hopldoson bar 

The specimen is inserted between two long pressure bars which remain elastic during 
the impact. 

The applied loading and deformation of the specimen are determined from the displace
ments and forces at the two faces of the pressure bars. 

These may be determined from the strain-time histories in the two elastic pressure 
bars by means of resistance strain-gauge measurements. These separate strain pulses are 
recorded: the incident loading pulse e1 , the reflected pulse eR (from. the incident pressure 
bar specimen interface) and the transmitted pulse eT (from the transmitted pressure bar). 

If /0 and A 0 are the initial length and cross-sectional area of the specimen, respectively, 
the average strain (e5), stress (u5) and strain-rate (e.)) in the specimen are given by 

2Cb f es = -r;;- eRdt, 

(2.1) as= E(:J.r. 
. 2Cb 
es = TeR, 

where E- Young's modulus, Cb- wave velocity in the bars, A -cross-sectional area 
of the pressure bars. 

These formulas are valid when: 
pressure pulse duration is long in compari~on with wave transit-time through the 

specimen (i.e. when specimen length is small); 
stress wave is plain and radial and axial inertia in the specimen can be neglected; 
the friction effects in the specimen are negligible. 
As far as pressure pulse duration in comparison with wave transit" time is concerned, 

one must consider that the number N of reflections occurring in a specimen of length 
10 is: 

(2.2) N = Coes 
lo Es , 

where C0 is the plastic wave velocity in the specimen. 
In order to use the simplified Hopkinson bar formulas; N must be 

N ~ 10 
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and, according to formula (2.2), as strain-rate increases the specimen length /0 must cor
respondingly decrease. 

The aforementioned simplified approach can be used as a guide and each particular 
situation must be analyzed in detail. 

2.2. Correctlolis oa spUt Hoplda!lon bar theory 

The effects of inertia are summarized in Fig. 1 [2] where the results calculated by a nu
merical code are compared to Davies and Hunter's approximate correction for axia.I 
and radial inertia: 

(2.3) ~.:.~· = ~:·d~ [(!:)'- ! ·~J. 
where Gb is the average axial stress in the two bars, "o, eo, d0 are the Poisson ratio, density 
and, diameter, respectively, ofthe specimen. 

As far as the Poisson ratio is concerned, it is a parameter influenced by strain-rate; 
dynamic values can be measured by a capacitance gauge mounted on the specimen [3]. 

The numerical results have been obtained by Toody in the form of a two-dimensional 
elastic-plastic wave propagation computer code. 

For the specific configurations considered in Fig. 1, the approximations of Davies 
and Hunter result in a reasonable correction for inertia effects. 

The effects of radial friction is a nonuniform axial stress distribution. RAND [4] presented 
an analysis based on static Coulomb friction giving an apparent axial stress G41 : 

(2.4) l111 = 2G8 ~t- 2(e«-~t-1), 

1.0 

0.8 

~ 0.6 
~ 
~ 
' 0.4 
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--::::. 

0.2 

-o.z 

Step input 
fJ•O 
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~ l/d=a6 
0 1/d= 0.3 
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FIG. 1. Comparison of the magnitude of the approximate inertia correction to the calculated errors due 
to inertia. 
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where 

p - static Coulomb friction. 

Figure 2 compares the numerical results on friction effects obtained by the Toody 
program with the formula (2.4). 

A very important effect of friction can be seen in the non-uniformity of the stress and 
the strain throughout the sample and the degree of multidimensionality in the stress state. 

2.Z 

2.0 

1.8 

~ 1.6 
'=> 0 lld=0.3 

0 l/d•Q6 
1.4 • l/d=1.2 

1.2 0 0 

10 
1.6 2.0 

FIG. 2. Comparison of calculated and approximate corrections for friction effects. 

Even a friction coefficient of 0.05 can produce a ten-percent variation in axial stress 
as well as a ten-percent deviation from a one-dimensional stress state [2]. 

the friction produces an error when the reconstructed stress-strain curve is compared 
to the input stress-strain curve. 

This error could be considered as a strain-rate effect in an experiment if one compares 
a single dynamic stress-strain curve to a stress-strain curve obtained under quasi-s_tatic 
one-dimensional stress conditions. 

A series of code calculations [2] have been performed in order to assess if this error 
is dependent on strain-rate. Figure 3 compares the reconstructed stress-strain curves for 
strain rates of 400, 800, 1600, 3300 s- 1 , for a friction coefficient of 0.05 with results for 
strain rate~ of 400 s- 1 and zero friction. One can see that the error due to the friction 
coefficient of 0.05 is independent of strain-rate. 

Therefore a reasonably small friction coefficient alone does not produce an apparent 
strain-rate effect. However, one must be certain that equivalent friction conditions are 
attained in quasi-static tests when results from such studies are compared to results of 
Hopkinson bar experiments. 
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I I I 

I I I 
0 1 2 3 4 

Strain,% · 

F'Io. 3. Indication of the friction-induced material strain-rate effect. No rate-effect present when compar
ing many rates for the same interface conditions. 

3. Expel'imeotal . results on radiation, welding, temperature and strain-rate inftuence on 
stainless steel properties 

Dynamic monoaxial tensile tests were performed on some austenitic stainless steels 
to determine stress-strain diagrams for strain rates ranging between 10- 2 and 103 s-1 • 

Test temperatures were ambient, 400° and 550°C. 
The techniques used at high strain rate were those of the Hopkinson bar with a pre

stressed bar loading device, and a hydropneumatic machine. Low strain rates were obtained 
with an Instron machine and a Hounsfield tensometer. 

Test pieces for the investigation of the effects of welding were manufactured in order 
to observe the mechanical properties of weld material and of the heat-affected zone. The 
irradiation was performed in the Rapsodie reactor at Cadarache, up to a fl.uence of 7 x 
x 1021 n. cm- 2 , corresponding to a damage of 2.2 dpa, in a sodium environment at a tem

perature of 400°C. The irradiation was continued in the HFR at Petten, up to a damage 
of 10 and 30 dpa. The results of these later irradiations are not yet available. 

The effects of strain-rate on virgin, welded and irradiated materials (up to a damage 
of 2.2 dpa) are indicated in Figs. 4 to 13. 

Defects due to welding and irradiation accentuated the strain rate sensitivity of the 
material remarkably. 

As far as welding is concerned, it should be noted that: 
A tboth room and high temperatures, the high deformation rate induces remarkable 
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FIG. 4. Stress-strain curves for AISI 316 L stainless steel, virgin. Collaboration Euratom-C.N.E.N. Curve 
strain-rate; 1-0.4 x I0- 2 s-1, 2-15 s-1, 3-44 s-1, 4-420 s- 1 • 
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FIG. 5. Stress-strain curves for AISI 316L stainless steel, virgin. Collaboration Euratom-C.N.B.N. Curve 
strain-rate; J-0.35x I0- 2 s- 1, 2-8 s- 1, 3-405 s-1• 
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FIG. 6. Stress-strain curves for AISI 316L S.S. weld. Collaboration Euratom-C.N.E.N. Curve strain-rate; 
I-0.33x 10- 2 s-t, 2-40 s-1, 3-560 s-1• 
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Fio. 7. Stress-strain curves for AISI 316L stainless steel irradiated to 2.2 DPA. Collaboration Euratom
CEA. Curve strain-rate; 1-0.35x10-2 s-1, 2-6.5 s-1, 3-39.3 s- 1, 4-51.2 5-1
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F1o. 8. Effect of strain-rate on the uniform elongation of AISI 316L S.S. Virgin, weld, irradiated to 2.2 
DPA at 400°C. Collaboration Euratom-CEA, Euratom-C.N-.E.N. 1- 316L Virgin tested 20°C, 2- 316L 
irradiated tested 20°C, 3- 316L Weld tested 20°C, 4- 316L Virgin tested 550°C, 5- 316L irradiated 

tested 550°C, 6- 316L Weld tested S50°C. 
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F10. 9. Stress-strain curves for AISI 304L virgin. Collaboration Euratom-CEA. Curve ' strain-rate; 1 -
0.38xto-2 s- 1, 2-50 s- 1, 3-450 s-1• 
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FIG. 10. Stress-strain curves for AISI 304L virgin, collaboration Euratom-CEA. Curve strain-rate; 1-
0.3S X I0- 2 s- 1, 2- so s- 1, 3- soo s- 1• 
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FIG. 11. Stress-strain curves for AISI 304L 
stainless steel weld. Collaboration Euratom
C.N.E.N. Curve strain-rate; 1- 0.3S x 10-2s-1 , 

2-50 s- 1, 3-400 s- 1• 
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FIG. 12. Stress-strain curves for AISI 304L S.S. ir
radiated to 2.2 DPA. Collaboration Euratom CEA. 
Curve strain-rate; 1-SO s- 1, 2- 5 s- 1

, 3-23 s- 1, 
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FIG. 13. Effect of strain rate on the uniform elongation of AISI 304L S.S. Virgin and irradiated to 2.2DPA 
at 400°C. Collaboration Euratom-CEA; 1- 304L Virgin 20°C, 2- 304L irrad. 20°C, 3- 304L Virgin 

400°C, 4- 304L irrad. 400°C. 
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instabilities in the flow curves of weld and H.A.Z. material as compared with the virgin 
material and with the "static" flow curve of the same materials. 

At high temperature both the weld and H.A.Z. materials show strain rate sensitivities 
of opposite sign with respect to the virgin material. In fact, it is possible to observe, that 
the strength of the two welded materials decreases and that of the virgin material increases 
or remains constant as the strain rate increases. Furthermore, the fracture strain of the 
weld and H.A.Z. materials decreases while that of the virgin material remains constant 
as strain rate increases. 

The main effects of irradiation are the substantial increase in the flow stress in tests·per
formed at ambient temperature, at a given strain in the first part of the stress-strain diagram 
and the drastic reduction in · ductility with respect to the virgin and thermally-aged ma
terial. At high temperature the flow stress of the irradiated material tends to decrease 
slightly with increasing strain rate. 

For example, the superposition of the effects of strain rate and irradiation reduces the 
uniform deformition at ambient temperature from 52% in the virgin AISI 316L tested 
under static conditions to 20% in irradiated AISI 316L tested at 60 s- 1 • At 550°C in the 
same range of strain rate and for the same materials, the uniform elongation is reduced 
from 33% to 12.5%. 

Experimental values show that there is a considerable influence of strain rate, welding 
and radiation. on stainless steel properties. 

The response of a reactor vessel to dynamic loading and the determination of the 
maximum admissible deformation m~st take into account the superposition of these 
effects on the mechanical behaviour of the material. 

Furthermore one must consider that in real cases the state of stress on containment 
structures is multiaxial. In order to find out multiaxial dynamic constitutive equations 
of the materials (like stainless steel and con:crete) of containment structur~s in a nuclear 
plant, we plan. to perform in the future a set of experiments using some biaxial testing 
machine. 

4. Biaxial testing machines 

Existing biaxial testing machines for dynamic loading are described in [5, 6]. 
They are both biaxial tension-torsion testing machines. In the machine described in 

[5] the striker bar is made of carbon steel, while the output bar is a copper tube. Different 
ratios of torque to axial forces are obtained by a suitable clamp mechanism. Wire strain 
gauges are mounted also on the specimen in a direction parallel to the axis and in a di
rection inclined to the axis at 45°. The tests were performed with strain rates up 
to 30-50 s-1 • 

The machine described in [6] has a pneumatically driven piston which loads the specim~n 
in combined tension and torsion. The machine has the load and displacement capacity 
to deform plastically all engineering materials over a wide range in deformation rates. 

At J.R.C. Euratom Ispra the biaxial dynamic machines for tension and compression 
Ioadings have been developed. For the strain rate range I0- 4 s -t + I0-1 s- 1 the existing 

s• 
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FIG. 14. 

devic((Fig. 14) has an electric motor which moves a plate pushing simultaneously on 
four equal arms connected to the specimen. Preliminary tests on stainless steel specimens 
are being performed where the load sust1ined by the specimen is measured by strain 
gauges attached to the four elastic bars. 

For the strain rate range I0- 1 s- 1 + 10-' 2 s- 1 a biaxial testing device (Fig. 15) is under 
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ME 

ORIF...;.I..;;;.C;;;;:-E ______ ___, 

Fro. 15. Biaxial dynamic tensile testing machine Eur. Pat. l/1808 Lx. 

construction consisting of four hydropneumatic elements aligned two by two along two 
axes at 90°. 

The main components of each element are the cylinder, the piston, the gas and water 
chambers, the discharge orifice and the membrane. 

After having loaded both the gas and water chambers at equal pressure, four membranes 
are broken simultaneously by firing four exploding wire detonators having an operation 
time of 2 microseconds, thus obtaining the synchronous action of the four pistons con
nected to the cruciform specimen. 
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After the four membranes have been broken, water flows out through the four Cf.

librated orifices at a constant rate, thus imposing a strain on the specimen with a constant 
strain rate. In fact, the pressure acting on the pistons governs the displacement velocity 
because the load resulting from it is much l~rger than the force needed to break the specimen. 
The load sustained by the specimen along the two directions is measured by strain gauges 
attached to the elastic piston's bars. Strains are measured directly on the specimen. 

The action of t~e pistons can be set up in tension or compression by a simple 180o 
rotation of the cylinders. Strain rate can be independently controlled along the two axes 
by changing the diameter of the orifices. 

With this machine tests can also be carried out at a constant stress, where strain rate 
changes rapidly. In this case the water chambers are provided with much larger orifices, 
thus allowing the pressure above the pistons to drop very rapidly. 

Another apparatus for measuring the effect the strain rate effects on large specimens 
also of concrete is under construction at J.R.C. Euratom Ispra. 

The apparatus (Fig. 16) consists of four loading arms at 90°; in the center a cruciform 
test-piece can be tested along two axes. 

The dynamic load is transmitted to the test-piece by four steel tension bars, of length 
of about 100 m and diameter 0 70-mm. 

These bars, pre-tensioned up to the elastic limit, are able, once broken the fixation 
bolts, to transmit to the concrete specimen a pressure pulse of 40 ms duration with a rise 
time of about 200(LS, giving a maximum load to the specimen of about 500 tons. 

Each bar is loaded by a hydraulic piston. 
The tension pulse may be transferred to the specimen as a compression load by using 

special intermediate pieces. 
Strain parameters may also be measured by a fast camera which is able to film the 

specimen during deformation, recording some marks printed on the surface of ihe specimen 
itself. 

The device allows to perform tests on relatively large dimensions test-pieces, up to 
a maximum load of 500 tons, with strain rates between 10-4 s-1 and 103s-1, depending, 
among other parameters,· on the specimen size. 

5. Evaluation on missile concrete impact 

As an example of missile concrete impact, we performed Astarte calculations using 
for the concrete the following constitutive equation: 

p = at~t+a2,ul~ti+E(bo+bl,u), 

h Vo 1 ' w ere ft = V- , E- Young s modulus, ab a 2 , b0 , b2 are material constants, V0 , 

V- specific volumes (initial and at timet). Concrete and missile are supposed to support 
also shear stress. 

In calculation no 1, the concrete area impacted by missile is supposed to have a velocity 
of 120 mfs. Figure 17 shows the calculation network before deformation. Figure 18 shows 
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the missile penetration and the shock waves 100 (LS after impact. Figure 19 is referred 
at a time of 400ps. 

In calculation no 2 (Fig. 20) the steel missile is supposed to have a velocity of 120 m/s. 
Figures 21 and 22 show the concrete particles' velocity, the concrete network deformation 
and the shock waves propagation 182 flS and 304 flS after the impact. 

From these evalua~ions one can see a lateral and bottom swelling of the concrete; 
600 (LS after the impact the bottom surface of concrete is lowered by 4 cm. 

6. Influence of stainless steel properties on fast reactor vessel response to an overall core 
accident 

As an example of influence of stainless steel properties on fast reactor containment, 
a set of calculations have been performed on 1:6 PEC reactor mock-ups designed for 
explosive tests. 

Special care was devoted to analyse the influence of. structural material properties 
on vessel deformations caused by an accidental energy liberation due to an overall core 
accident. 

FIG. 23. Computational scheme· for the 1:6 PEC 
reactor mock-up. 

Figure 23 shows the computational scheme for the 1:6 scaled PEC reactor mock-_up. 
Comparison between pressures, impulses and strains in the mock-up have been performed 

after an energy release inside the reactor vessel cor~esponding to 200 M Joule in prototype 
scale. 
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The computations have been done partly for a single envelope (0.8 and 2.0 cm thick 
in the upper and lower regions respectively) and partly for a double envelope which has 
been treated as a single shell (1.2 and 2.4 cm thick respectively). 

The source data for the AISI 304 L and 316 L are a set of experimental a- e relations 
referred to various T and e conditions, reported in Table 1. 

Table 1. Temperatures aDd strain-rates for experimental a-e relations. 

AISI 304L AISI .316L 

T= 20°C I T= 550°C T= 20°C I T= 400°C 

10-4 s- 1 

10-2 10- 2s- 1 0.4 · 10-2s- 1 0.3. w-ls-1 

so 126 15 45 
110 295 44 70 
502 671 420 470 

Table 2. Material properties used In the computadons. 

Cond I Material I Character- IT-·1 a, I e, !Tangent modulus 
is tic oc x 109 dyne/cm2 I x 10 dyne/cm2 

2 304 L dynamic 20 5.4 I ·0028 8.15 
3 304 L dynamic 550 4.1 ·0026 3.40 
1 304L static 20 4.0 . 0021 10.1 
4 316 L static 20 3.5 . 0018 12.1 
6 316L static 400 2.9 . 0018 9.10 
5 316L dynamic 20 5.8 ·0030 9.5 
7 316 L dynamic 400 3.9 ·0024 5.7 

Due to code limitations (REXCO) each experimental a..;_ e curve was .replaced by two 
straight segments representing an elastic and a plastic region. This reduces the number 
of free parameters. The first segment practically coincides with the well-defined linear 
part of the experimental curve. 

The second segment has been defined as imposing area conservation under the (]-£ 

curve up to e = 0.15, a strain value which was not exceeded in the .computations. The 
resulting material properties are shown in Table 2 for the minimum and maximum strain 
rates, here denoted by "static" and "dynamic" characteristics. 

Other parameters influencing the material strength are irradiation and manufactur
ing. Typical experimental indications for an integrated flux of about 1020 neutr/cm2 

(neutron energy E, > 0.1 Mev at~temperature400+450°C) give a -10% increase in yield 
and ultimate strength. 

For the sake of illustration we shall mainly comment on the principal results referring 
to the 304 L, dynamic, 20°C case (condition 2 in Table 2). 
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7. Computational resoles 

7.1. Maximum radial deformatfoa 

For all CQnditions radial deformation is maximum at the charge level or slightly below 
it. Above this level the deformation first decreases, then increases again due to the wall 
thickness reduction. Figure 24 shows the double envelope ASTARTE ·radial deformation 
as a function of height at three different times for conditions 2 and 5 in Table 2. The de
formation is seen not to increase after 400 (J.S in the thicker lower part of the vessel, while 
in the proximity .and above the change in thickness, the deformation increase continues 

' 0 2.7 5.5 0 V 5.5 8.2o 

Jrx 
~ 

r .. 
0 
CS ! .... 

E 
Cl = .8 
Eo .=CD 

! 
=iii 

0 
CoD 

~-L--~~~~--~~0 

0 6 Q 6 12 18 
radial displacement (IRtD) 

a.AJSI 30C l 
lt-AISI 31& l 

FIG. 24. Deformed wall profiles (time in l!5, 
ASTARTE), a- condition 2, Table 2, b-condition 5, 

Table 2. 

after400 (J.S, reaching about the)an1e (maximum) value as in the lower part. At the time 
of 600 [J.~ no deform1tion has yet been detected in the vessel near the plug. 

For condition 2 in Table 2, Fig. 3 shows again double envelope ASTARTE deformation 
as a function of profile height at a fixed time, 600 s, compared with the corresponding 
REXCO deformation. 

The agreement is generally fairly good, though slightly greater deformations are ob
tained with ASTARTE. In the same condition the maximum deformations as a function 
of time are reported in Fig. 26 a, b. The corresponding single envelope REXCO maximum 
deformation is shown in Fig. 26 c. For all times ASTARTE deformations are larger than 
REXCO's according to Fig. 25. As expected, the single envelope deformations are higher 
than the double envelope ones. 
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FIG. 26. Maximum defonnatioa as a function of time. 

7 .2. Effect of material properties 

ASTARTE-pressure and impulse values corresponding to -the various conditions 
listed in Table 2 are reported in Table 3 (position numbers refer to Fig, 23). 

The first peak (pressure and time) values are practically not influenced by the above 
conditions, as should be expected. The influence of the conditions listed in Table 2 becomes 
effective for the second peak values at a greater distance from the charge or, equivalently, 
at larger times. This should be expected since at such times deformations have occured, 
the more significant the less the material strength. 

For the two materials, AISI 304 Land AISI 316 L, with dynamic a-e curves at 20°C, 
the deformed wall profiles are reported in Fig. 24 a,b at times 200, 400, 600 (lS· 

7.3. Strata rate computation and lnftaence of the yield stress 

The strain rate as a function of time at position B is shown in Fig. 27. From this the 
dynamic curve used as input receives a substantial aposteriori justification. However, 
results obtained from a- e curves pertaining to different strain rates are nevertheless in
dicative of how variations of the a- e relation can influence the containment response. 

The influence of the yield stress on the maximum wall deformation L1R has also been 
studied. 

Figure 28 reports the results of computation made on the prototype scale with a Bel
gonucleaire charge of 200 MJ. 

9 Arch. Mcch. Stos. 4/80 
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Table 3. Peak preaure IUid arriVal time (ASTARTE) 

Position l = A I Position 2 I Position 5 I Position 7 = B I Position 10 I, Position 12 

, I peak I 11 peak . I peak I 11 peak I peak I 11 peak I peak I 11 peak I peak j 11 peak I peak I 11 peak 

- ·-·-····--- . ~I 3.04 I 3.06 I 1.33 I 1.30 I 1.47 I 3.30 I 0.30 I 1.84 I 0.22 ~ 0.34 I 0.21- I 
Static 
20°C 300 I 150 I 300 

Dynamic ~--3.-49-- 1--3-.0-9- ll 3.06 ~ - 1.44 I 1.27 1.55 3.33 0.39 1.85 0.47 0.36 I 0.46 

20°C I I 
1 

1---- - 150 . 300 I 150 I 300 I 150 250 1.50 300 200 300 400 I~ 
Dynamic I 3.49 _ _ 3_.2_2_1 3.06 1.34 I 1.27 1.47 3.33 0.31 1.85 0.23 0.29 I 0.20 

550°C ·~ I 
---- - ____ - --- 150 300 , 1 50 _ 300 150 250 150 300 200 300 400 500 I 

Static _3.~~~5_ 1 3.06 1.38 ~~-~- -~~-JI 3.33 0.25 1.84 0.30 0.31 0.21 

~c I 1· ---- I 150 I 300 i 150 I 300 I 150 I 250 i 150 300 200 400 400 500 

150 150 250 150 300 200 400 350 550 

i 304 L 

(+) 

(+) 

( +) 

(+) 

Dynamic I 3.47 3.10 1_ 3.06 I 1.46 I 1.29 ~· 1.58 3.32 0.41 1.85 0.49 0.36 0.50 

316 L . 1 20oc 
1 

I 1- . · I 
-----:--::~---~1 150 I 300 150 I 250 150 300 200 300 400 500 (+) 

Static ~-~ 2.94 -! 3.06 ! 1.10 1.27 I 1.42 I 3.33 0.28 .1.82 0.29 0.29 _ 0.22 

4oooc . I I I 150 300 150 I 300 150 250 150 300 200 350 400 550 (+) 

( +) arrival time of the pressure peak (!Lie<:); presaurc in Kbars 

http://rcin.org.pl



RADIATION, WELDING, TEMPERATIJRE AND STRAIN RATE INFLUENCE ON MATERIAL PROPERTIES 575 

200 

150 

100 

50 

20 

10 

Straia-Rate [sec-1] 

.1 .2 .3 .4 .5 .I 

AISI 304 L 
(coad. 3- tanca 2} 

.1 .I .I t [l'sec] 

FIG. 27. Strain rate as a function of time. 
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FIG. 28. Radial deformation on prototype vessel. 

The CT- e diagrams used have variable CT1 and a constant tangent modulus E,. The 
energy absorbed by the wall is approximately proportional to LIRCT1 since the elastic limit 
deformation is very much smaller than LIR/R, and Ep(LIR/R) ~ CT1 • This energy is seen to 
decrease with increasing q1 in Fig. 28. 

Conclusion 

The safety analysis of nuclear power plants requires the determination of the dynamic 
response of different containment structures to accidentalloadings. 

Such an analysis can be performed according to the following steps: 
Measurements of stress-strain relations for structural materials (mainly steels and 

concrete) under monoaxial and pluriaxial dynamic loading. The influence of various 
parameters (radiation, welding, temperature, strain rate, etc.) must be assessed. Up to now 

9* 
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main efforts in different laboratoriea have been devoted to monoaxial tests on metallic 
materials. Current procedures for reinforced concrete structures make use of static ·test 
results, but the degree of validity of such assumptions for dynamically-loaded structures 
has yet to be verified experimentally. 

Stress-strain relations have then to be utilized to calibrate the constitutive equations 
of structural materials including rate sensitivity effects. Different equations of state have 
been proposed for metallic materials exhibiting strain rate sensitivity, mainly with monoa
xialloading. In our· future program we foresee to apply our experimental results to such 
constitutive relations. Failure criteria for concrete under dynamic loadings are pooryl 
known but the formulation of such laws is essential for use in the design of concrete com
ponents. 

The response of containment components dynamic loadings requires the finite eJement 
·method in linear and nonlinear analysis. The available finite element structural codes 
(like BERSAFE, ADINA, NON-SAP, PISCES, ASTARTE, REXCO) ·need as input 
the constitutive laws of materials i.e.: the yield and failure functions and the plastic flow 
rules including the matrix constitutive relationships in multiaxial loadings. Up to now 
the material laws inserted in structural codes have not usually taken into consideration 
strain rate effects which in nuclear accidents may be very important due to highly dynamic 
loads that are produced and that can affect substantially the response of n~clear plants' 
structures. 
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