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ABSTRACT

These austenitic stainless steel type 347 seartigssvalled tubes are potential candidates to el us fuel
elements of nuclear power plants (as PWR — PressliiiVater Reactor). So, their metallurgical cooditand
mechanical properties, as the tensile strengthyeid strength, normally are very restrict in demhiag project
and design requirements. Several full size teriedés at room temperature and high temperatur€C3sere
performed in these seamless tubes in cold-workediton. The results of specified tensile and yistiengths
were achieved but the elongation of the tube, engbometry of the component, could not be measatréiyh
temperature due to unconventional mode of rupthedidal mode without separation of parts). The ager
value of elongation was obtained from stress-straines of hot tensile tests and was around 5%.

The results obtained in this research show thathihavior of the full size tensile test samplethif-walled
tube (wall thickness less than 0.5 mm) in high terapure (315°C) is due to the combination of the
manufacturing process, the material (crystallogi@pstructure and chemical composition) and the Ifina
geometry of the component. In other words, thengtrorystallographic texture of material induced thige
drawing process in addition with the geometry @& tomponent are responsible for the behavior iruh@xial
tensile tests.

1. INTRODUCTION

During the life in LWRs (Light Water Reactor) albre materials, including fuel materials
and structural components, must satisfy not ordpdaird materials design criteria based on
tensile properties, thermal creep, cyclic fatigual a&reep-fatigue, but also must provide
adequate resistance to two additional overarchmgrenmental degradation phenomena:
radiation damage and chemical compatibility (camesstress corrosion cracking, etc.) [1].
Also according tdZinkle et al. [1], although there are many potential arefaconcern for
materials, the demonstrated highly reliable an sy performance of commercial reactors
for the past 10-15 years suggests that most optbbelems faced by core components are
solved by appropriate materials selection and emging design. Three specific materials
challenges are considered to be of highest impoetat) exploration of potential further
improvements in fuel reliability and operational ripwp limits under normal operating
conditions, and safety under transient accidenditioms; (ii) corrosion and stress corrosion
cracking in reactor components; and (ii) RPV (ReacPressure Vessel) integrity,



particularly for life extension scenarios. For exden the shortcomings of the Zr alloy/WO
fuel system to severe accident conditions sucttesreed at the Fukushima Dai-ichi nuclear
power plant in Japan following the 2011 earthquake tsunami has led to increased interest
in improving the safety of nuclear reactors to réng credible accident scenarios [2].
Considering that the key functions of the fuel egstin an accident scenario are to maintain
core cooling capability and to minimize or prevelgpersion of fuel and fission products,
there are at least two major potential approacheesign LWR fuel systems with improved
accident tolerance concerning to fuel material¥:ufilize cladding options by reduced
reaction kinetics with high-temperature steam; otidun of the cladding high-temperature
oxidation rate by one or more orders of magnitusl@gared to alloys such as Zircaloy would
nearly eliminate the contribution of heat inputnfraoxidation and would proportionally
reduce the generation of hydrogen and (ii) utilivel cladding with improved high-
temperature mechanical properties and resistanogdimgen embrittlement (high tensile and
short-term creep strength, good thermal shocktessie, high melting temperature) [1].

Thus, in this research a possible candidate tcsbd in the fuel system, a stainless steel type
347, manufactured as seamless thin-walled tubes, mvachanically characterized and
because a non usual behavior in hot tensile tdgsthvmade impossible the measurement of
elongation parameter, it was carefully investigatednderstand and explain the phenomena.
Many improvements and modifications concerning émstle test were performed to
minimized the interference of misalignment of fisducomponents and effects of samples
assemblies, very critical due to the geometry eftttbes (thin wall).

The studies were concentrated in the material rsimroture and crystallographic textures to
explain the behavior in uniaxial hot tensile tests.
2. MATERIALS AND METHODS

The chemical analysis (ICP-OES - Inductively Codpl®lasma Optical Emission
Spectrometry) of the stainless steel tubes us#dsrstudy is presented in Table 1.

Table 1: Chemical analysis of the stainless stegipe 347 tubes.

Element C Mn P S Si Cr Ni Nb+Ta Fe

Weigth| 0.041 + 1.72+ | 0.011+ 0.003+ 0.39+|17.68 + 10.95+ 0.81+ | Bal.
% 0.001| 0.02 | 0.001 | 0.001 o0.01 0.19 0.14 0.02

Fig. 1 shows the microstructure of the materiaheftubes in the longitudinal and transversal
directions. Electrolytic metallographic attack ussds oxalic acid and nitric acid (50%),

sequentially. GS (grain size) measurements, oldaineaccordance with ASTM E112

standard, indicate ASTM sizes 9.7 and 10 for thegitodinal and transversal directions,
respectively, and average hardness, according AE384 standard, was 320 £ 10 HV.

The tensile tests were performed using the desigformitudinal test body "full size",

according to the standard ASTM A 370 standard —eXm2. Specifically, in the tensile tests
in high temperature (315°C), the observed fractooele presented helical aspect without
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separation of tensile sample, which not allowed rtteasurement of elongation after tests.
The other parameters, tensile strength and yiedhgth, were obtained and found according
specified. Tests conducted in solution annealedlition (~1040°C for 10 minutes) presented
normal behavior (complete separation of the sanmales and fracture surfaces in the
transversal direction) and all mechanical pararsetercluding elongation, were correctly
measured.

I scalc: 0.134 pm [ pixel I e 0.134 um / pixel
50 pym 500x Microscope model: Metalloplan 50 ym  500x  Micr pe model: M

(@) (b)

Figure 1: Microstructure of stainless steel TP 34 the longitudinal direction (a), with
average GS ASTM 9.7, and in the transversal direatn (b), with average GS ASTM 10.

Stress analysis considering the geometry of the, tmdicated that a small misalignment (1°)
in the tensile test sample can produce a stresgbdison on the walls of the tube that induce,
at one end, stress below the yield strength (Y38)lewat the other end the stress are already
above the tensile strength (TS). Taking this fadb iaccount, several tensile tests were
performed in a tensile test machine Instron, md®&&l1, and the associated furnace (Fig. 2),
taking care on the correct alignment of all compuse

The X-ray analysis measurements of the tubes rahtgdre obtained using a Rigaku X-ray
diffractometer, model D-MAX TEXT, with Cr Kanode, V filter, with scanning range Q<

< 75° and 0 < < 360° and the 5° step. The data were processed the texture analysis
program PAT v. 2.6.

3. RESULTS AND DISCUSSION

3.1. Hot Tensile Tests

Some results of hot tensile tests (315°C) carrigcn the cold-worked tubes are presented in
Fig. 3.

The measurements obtained using the stress-strawes; from the tensile tests, were
deducted from the elongation of the sample, consigehat was used the full size design of
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standard ASTM A 370 standard - Annex A2, where filee section of the tube has the
dimension of 50 mm (2 in.).

Figure 2: Design of the hot tensile test of the tuds, showing the helical mode of fracture.

700

600 I
500 -
400 I
300 I
200 E
100 [

Stress (MPa)

Elongation (mm)

Figure 3: Results of hot tensile test of stainlesdeel 347 tubes in cold-worked condition.
Average elongation of 5%.

The microstructural analysis of fracture regiorg(F) shows a characteristic mode of ductile
fracture, with dimples in the fracture surfacemitans, clearly, that the fracture is not fragile
or catastrophic, even the very low elongation (ager5%).

The solution annealing heat treatment (~1040°Clfdminutes)was performed on cold-
worked tubes in order to remove the thermo-meclaaiieatment effects on the material due
to the manufacturing processing of the tube (drgyviklot tensile tests were performed to
verify if the unconventional fracture behavior wiige exclusively to tensile test design and
geometry of the tube. The results of the hot tenskt are presented in Fig. 5 and show a
significant decrease of mechanical properties anutiverage elongation of 42%. The fracture
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mode of fracture of all test samples was considemhal, with complete separation of the
parts.

Figure 4: SEM image of hot tensile test sample irhe fracture region of the tube (a) and
detail showing characteristics dimples of ductilerbcture.
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Figure 5: Results of hot tensile test of solutionraealed tubes. Average elongation of
42%.

3.2. Crystallographic Texture Analysis

Austenitic stainless steels have a face-centrett ¢#iCC) crystallographic structure, cannot
be hardened by heat treatment, but present a stibsiacrease of mechanical resistance by
cold-working. In the solution annealed conditiomegse steels have a microstructure
constituted of insoluble particles or partially ohgble ones, predominantly NbC carbides in
case of 347 stainless steel, dispersed in a solidien that has a low stacking fault energy
(SFE) with several annealing twins. During the estorking of austenitic stainless steels,
stacking faults, deformation-induced martensitiag#) deformation twins and deformation
bands can be formed, in addition to an intensigtodation multiplication. The SFE has an
important role in the substructure of these steasin the nature, density and distribution of
the lattice defects and the tendency towards msiteeformation [3]. In general, a lower SFE

makes dislocation cross-slip more difficult, resgtin less dislocation mobility and more
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homogeneous dislocation distribution, with less darcy towards the formation of
dislocation cellsAlso larger amount of stacking faults and deforovainduced martensite
(DIM) can be correlated to a lower SFE [#he austenitic stainless steels are commonly
considered as low SFE materials, but may presegemeral, two different microstructures in
work-hardened condition: for a high SFE, a celld&tocation distribution without DIM and,
for a low SFE, a planar dislocation distributiomtaning DIM.

SFEs of more common austenitic stainless steelsl¢T2 can be evaluated by means of the
Equation 1 suggested by Schramm and Reed [5]:

SFE (mJ/mM) = - 53 + 6.2(%Ni) + 0.7(%Cr) + 3.2(%Mn) + 9.3(%Mo) Q)
Table 2: Chemical composition (weight %) and SFE (d/m?) of some austenitic stainless
steels [5].
Type UNS Werkstoff C Mn | Si Cr Ni Mo | Other SFE
N° Nr. (mJ/m?)
301 | S30100 | 14310 |[<0.15[<20|<1.0]16.0-] 6.0- | - <16
18.0 8.0
304 | S30400 | 14301 | <0.08 | <2.0|<1.0] 18.0-| 8.0- | — 9.2-
20.0 | 10.5 325
304L | S30403 1.4306 | <0.03 | <2.0 | <1.0 | 18.0- | 8.0- | - 9.2-
20.0 { 12.0 41.8
316 | S31600 | 1.4401 [ <0.08 | <2.0|<1.0]16.0-|10.0- | 20-| - 34.6-
18.0 | 14.0 | 3.0 80.7
316L | S31603 | 14404 | <0.03 | <2.0 | <1.0 | 16.0- | 10.0- | 2.0- | — 34.6-
18.0 | 14.0 | 3.0 80.7
321 | S32100 | 1.4541 | <0.08 | <20 |<1.0| 17.0- | 9.0- | — | Ti>s 14.7-
19.0 | 12.0 X%C 41.1
347 | S34700 | 1.4550 | <0.08 | <2.0 | <1.0| 17.0- | 9.0- | --- | Nb>10 | 14.7-
o p 190 1130 ] | X%C | 473
370(*) | S37000 | 1.4970 | 0.08- | <2.0 | 0.3- | 14.5- | 145- | 1.0-| Ti= 56.4-
0.12 055|155 | 155 | 1.4 | 0.3- 73.4
0.55
370 | S37000 | 1.4970 | 0.08- | 1.6- | 0.25 | 14.5- [ 15.0- | 1.05 [ Ti= 65.0-
0.12 | 20 | 045 | 155 | 16.0 | 1.4 | 0.35- 76.5
0.55

(*) German nuclear specification

The martensite phase formation is, therefore, edlaib the stress state given by the
deformation process. In austenitic stainless stdedstemperature below which austenite
transforms spontaneously to martenshts, is less than 0°GMis can be estimated by the
Equation 2 of Eichelmann and Hull [6]:

Ms (°C) = 1305- [1667(%C + %N) + 28(%Si) + 33(%Mn) + 42(%Cr) + 8di)]  (2)

where the contents are in wt%. SirMs is low, martensite is not expected to form duthng
cooling of the austenitic stainless steels. Onatieer handMd, temperature below which
deformation stresses can initiate the martensransformation, is usually above room
temperature. The temperature at which 50% otithemartensite (CCC structure) is produced
after 30% true deformation under tensile conditican be evaluated with the help of the
Equation 3 proposed by Angel [7]:
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Mdsoso (°C) = 413- [462(%C + %N) + 9.2(%Si) + 8.1(%Mn) + 13.7(%Cr9H5(%Ni)  (3)
+ 18.5(%Mo)]

The deformation induced by martensite transfornmatio the austenitic stainless steels is
influenced by the steel chemical composition andheyvariables related to the cold-working
parameters such as deformation, strain rate, s$tags and deformation temperature [3]. In
general, the tendency towards martensite formadiosh martensite quantity increase with
equivalent chromium, deformation level, deformatgpeed and decreases with equivalent
nickel, SFE and deformation temperature. Steelsptesent a highavid temperature, such
as the AISI 301 and 304 are highly susceptibl&éoférmation of DIM during deformation at
room temperature, whilst steels such as the AlISI &id 321, with loweMd temperatures,
the formation of DIM is generally absent at roormperature working [3]. An explanation
for such a behavior is that nickel has an acceatuaffect in increasing the SFE [4] and in
suppressing the formation of DIM [8]This absence of martensitic phase was also seen in
347 cold-worked tubes, as can be seen in the Xliferaction result shown in Fig. 6.
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Figure 6: X-ray diffraction pattern of tube material (347 stainless steel) as received
condition. The blue spectrum shows the standard p&a of face-centred cubic structure
(typical of austenite).

The plastic deformation mechanism of austenitimkdas steels (FCC) deals with dislocation

slip that appears generally between one of the d¢mge-packed {111} planes and in one of

the three <110> directions. More than one slipesystan be activated, which is called multi-

directional slip. Activation of other slip systenssrarely observed [9,10]. To activate a slip

system a critical shear stress acting on a slipeplia required and can be calculated as
Equation 4:
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F 4
T= A COSpCOS\ @

whereT is the resolved shear stress from the fdf@eting on cross section ar@ag is the
angle betweerk and the normal to slip plane andis the angle betweeR and the slip
direction. The quantity of cgscos\ is called the Schmid factor (SF) [9].

Depending on the stresses applied during mechapicakssing, directions, intensities and
resulting deformation rates, a characteristic textill be observed in the finished material.
For example, cold rolled austenitic stainless sstmets present a strong crystallographic
texture type brass {110} <112> and several otheakee orientation such as {110} <001>
(Goss), {135} <211> and {211} <011> [3]. In the dving process of seamless tube, applied
stresses in the material during processing arerdift from those of a normal process of
rolling and the texture observed in 347 stainldsglspresented a strong crystallographic
texture type Goss {110} <001>, as shown in Fig. 7.
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Figure 7: (a) Orientation distribution functions (ODF) in sections¢. = 0° and 45° for
austenite for 347 stainless steel tube material g received condition and (b) main
orientations and fibers observed in steels. It wasbserved that the 347 stainless steel
tube present strong texture type Goss {110}<001>,ithv TR (timesrandom) of 11.8; type
Brass {110} <112>, with TR of 8.0; and type Goss/Bss {110}<111>, with TR of 12.
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The active slip systems observed in austenitialass steels (FCC) are {111} <110> with

higher values of SF. On a microscopic level, theema grains deformation is dependent on
the SF which affects the shear stress in a givignsgistem. Greater SF on a slip system
increases the probability of activating the distmrags movement in the system due to the
increased resultant shear stress, generating @ldstormation. This phenomenon is also
dependent on the SF of the neighbors grains anchvdlip systems are active in these grains.

Noting the texture obtained in 347 stainless stéelrawn tube, it can be seen that the angle
between the planes {110} and plans of slipping {Lislapproximately 35.3° [11] and the
other textures do not induce slipping in {111} <®1€ystems.

In terms of recrystallization, the smaller the Sk&nsidering constant all other process
variables, the greater stored energy during defbomand corresponding activation energy
for the process of recrystallization. The nuclaaid recrystallization begins on deformation
bands of and the vicinity of grain boundaries [18]general, recrystallization of austenitic
stainless steels and recrystallization temperatuparticular depend on several factors such
as the steel type, the heat treatments that stegltrhave been submitted before cold-
working, the quantity, mode, temperature and strate at cold-working, as well as the
heating rate and holding time at annealing tempezain general, all variables that increase
the stored energy due to deformation, such as rease of SFE, increase in strain, increased
strain rate and decrease in deformation temperatatese a decrease in the recrystallization
temperature.

Also, secondary precipitates, as NbC type in 34ihkdss steel, in the same temperature
range and times in which recrystallization occunsl &oth phenomena present a strong
interaction: cold-working accelerates precipitatenmd precipitation delays recrystallization.
The effect mostly found and expected is that thecipitation of MC in the dislocation
substructure, introduced by cold-working, hindeislaogation rearrangement and delays
recrystallization by grain boundary pinning [13,14]

Several studies have shown that the texture oftisalutannealed materials obtained by
different cold-working processes is related to pres deformation texture [3]. This fact
shows that, depending on the degree and rate ofrdafion imposed on the material, the
orientation of the recrystallized grains after ystallization process is not random, but rather
directed [15].

Crystallographic texture analysis of 347 stainleteel tube after solution annealing heat
treatment at ~1040° C for 10 minutes, also showhange in the texture when compared to
the tube in as received condition (Fig. 8).

This demonstrates that during manufacturing prooés347 stainless steel tube, involving
four drawing steps interspersed with high annedtiegt treatments (~1040°C), do not result
in a microstructure with randomly oriented grainen the contrary, the strong

crystallographic texture of drawn tube is maintdiaéter solution annealing heat treatments.

The macroscopic differences from the non-linearore@f stress-strain curves between room

temperature and high temperature (315°C) can béiaed by different behavior on a
microscopic level. Several studies have shown atgrdevel of average grain misorientation
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(GAM) at room temperature than at high temperatdoessimilar degrees of deformation
[16]. In plastically deformed materials, the localisorientation is related to plastic
deformation and an average value of misorientaiiomeasured between all points in the
grain. At high temperatures, the dislocation mowvetsiecan be faster than at room
temperature due to thermal activation, but it sbaffected by other processes controlled by
diffusion as the dynamic strain aging (DSA). The ADSriginates from the interaction
between solute atoms and dislocations during plagéformation. Under plastic flow,
dislocations are gliding until they come acros®hbstacle where they are stationary until the
obstacles are surmounted. When the dislocationsstatenary, solute atoms can diffuse
towards the dislocations which result in an inceemsthe activation energy for re-activation
and consequently also an increase in the streskedder overcoming the obstacle [17-19].
Thus, DSA is directly influenced by the deformaticate that affects the mobility of the
dislocations and the temperature that influences diffusion rate of solute atoms. The
temperature regime of DSA is from 200 to 800°C doistenitic materials (FCC) and for
austenitic stainless steels at temperatures bet@fC3carbon is responsible for DSA while
nitrogen and/or substitutional chromium atoms asponsible at higher temperatures (400 to
650°C) [20]. DSA is characterized by serrated yggdoccurring in the stress-strain curve,
denoted as Portevin-Le Chatelier (PLC) effect okyjdlow (Fig. 5), created by the pinning
and unpinning of dislocations [21-23]. The expeaetbrmation in the DSA regime is planar
slip and slip bands in single and multi-directi@4]. Local damage has been connected to
interaction between slip bands and/or interactieivben twins and grain boundaries.
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Figure 8: Orientation distribution functions (ODF) in sectionsg, = 0° and 45° for
austenite for 347 stainless steel tube material &ft solution annealing heat treatment at
~1040°C for 10 minutes. It was observed that the lsion annealed 347 stainless steel
tube preserved drawn tube texture type Goss {110}€0>, with TR (times random) of
9.0; type Brass {110} <112>, with TR of 6.6; and pe Goss/Brass {110}<111>, with TR
of 9.8.

Considering the crystallographic texture of 347néss steel tube (cold-worked), where the
slipping systems (FCC structure) are {111} <110% dhe angle with the {110} of Goss
texture being around 359, it is expected that in@axial tension test the fracture cracks shall
be nucleated in these slip systems. Measurementisecngles of cracks observed in the
tensile tests of 347 stainless steel tube at 3Bbfwv angles close to 35° (Fig. 9), which
confirms the indication of cracks nucleation ing@ealirections due to the crystallographic
texture observed in these tubes.

Specifically a research developed by some reseia¢h@], using a Sandvik tube, investigate

the microstructure of austenitic steel by electvank-scattered diffraction technique (EBSD)
with in-situ tensile test on a SEM. It was analyzlee behavior at RT and 300°C, obtaining
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12.35% and 4.85% elongation in the two temperaturespectively. The metallurgical
conditions of the tube were not mentioned, but témsile samples were removed from
longitudinal (axial) direction of the tube and ttesults showed that the active slip system
was the {111} <110> and the cracks were observed!@ation and propagation) along slip
systems with higher SF values.

(b)

Figure 9: (a) SEM image of the cold-worked 347 staiess steel tube after hot tensile test
showing the measurement of the angle of crack in éhmiddle region of fracture with the
longitudinal direction of the tube, and the angle 533° is measured perpendicular to the
rolling direction and (b) macroscopic image of othehot tensile tube sample with the
measurement of the angle of crack direction perpendular to the rolling direction.

Several researches with metals and alloys witleidfit crystallographic structures show that
textures induced by mechanical processes [25-2¢] as rolling, can be modified through
high degrees of cold-working, when the density efiedts in the structure of the material is
high enough to promote more isotropic recrystdiicra (grain nucleation with random
crystallographic orientation) during annealing. daommercial thin-walled seamless tubes
obtained by drawing process these high degreedasfip deformation hardly are applied,
since it incurs in application of better and masistant tools, as well as in risks of rupture of
the component due to the lower break resistantosect

3. CONCLUSIONS

The results obtained in this research show thatitttenventional mode of rupture of the full
size tensile test samples of thin-walled stainlete®l tube type 347 in high temperature
(315°C) is due to the combination of the manufactur process, the material
(crystallographic structure and chemical compos)ti@and the final geometry of the
component (thin-walled tube). In other words, ttrersy crystallographic texture of material
induced by tube drawing process in addition witle dreometry of the component are
responsible for the behavior in hot uniaxial temsdsts. Specifically in these tests, the tensile
test sample design is also quite susceptible tonmuim misalignments between the sample

INAC 2017, Belo Horizonte, MG, Brazil.



and fixation fasteners of the tensile test machiHewever, even with the complete
separation after hot tensile test observed in ¥@ny samples, the fracture was observed in
inclined direction, instead of the expected dikattftransversal).

An alternative manufacturing process condition irden to minimize the effect of
crystallographic texture of the seamless drawingesuwould be an application of high
degrees of cold-working, when the density of defectthe structure of the material is high
enough to promote more isotropic recrystallizatiggrain nucleation with random
crystallographic orientation) during annealing, ltuincurs in the use of better and more
resistant tools, as well as in risks of rupturéhef component due to the lower break resistant
section.

These tubes, in the metallurgical condition reaatistactory mechanical properties at high
temperature (315°C) as the tensile strength anld weength, and the average value of
elongation obtained from stress-strain curves oftéasile tests was 5%. The fracture mode
was ductile despite the lower elongation values.
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