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Abstract. To improve the efficiency of components operating at high temperatures, many efforts
are deployed to develop new materials. Oxide Dispersion Strengthened (ODS) materials could be
used for heat exchangers or cladding tubes for the new GENIV nuclear reactors. This type of
materials are composed with a metallic matrix (usually iron base alloy for nuclear applications or
nickel base alloy for heat exchangers) reinforced by a distribution of nano-oxides. They are
obtained by powder metallurgy and mechanical alloying. The creep resistance of these materials is
excellent, and they usually exhibit a high tensile strength at room temperature. Depending on the
cold working and/or the heat treatments, several types of microstructure can be obtained:
recrystallised, stress relieved.... One of the key challenges is to transform ODS materials into thin
tubes (up to 500 microns thick) within a robust fabrication route while keeping the excellent
mechanical properties. To prevent cracking during the process or to obtain a final product with low
residual stresses, it is important to quantify the effect of the heat treatments on the release of
internal stresses.

The aim of this study is to show how residual stresses can be determined on different thin tubes
using two complementary approaches: (i) macroscopic stresses determination in the tube using
beam theory (small cuts along the longitudinal and circumferential directions and measurements of
the deflection), (ii) stress determination from X-ray diffraction analyses (surface analyses, using
“sin*V”” method with different hypothesis).

Depending on the material and the heat treatment, residual stresses vary dramatically and can reach
800 MPa which is not far from the yield stress; comparisons between both methods are performed
and suggestions are given in order to optimize the thermo-mechanical treatment of thin ODS tubes.

Introduction

ODS materials, i.e. Oxide-Dispersion Strengthened materials, in ferritic or martensitic structures
are developed for cladding purposes in the fourth-generation sodium-cooled fast reactors. Indeed,
these high performance materials present many advantages since they combine remarkable
mechanical strength at high temperature and outstanding irradiation resistance. ODS materials
afford not only negligible swelling under irradiation, but equally excellent creep properties, thanks
to the nano reinforcements present in the matrix [1-3].

Elaboration of ODS materials presents a specific step known as mechanical alloying (Fig. 1),
which is needed to obtain nano strengthened oxides in the ferritic matrix. It is now generally
admitted that the mechanisms involved in the formation of nano phases in ODS alloys include the
dissolution of yttrium oxides during grinding and a precipitation of nano phases (Y, Ti, O) during
hot consolidation. The nano precipitates giving their high strength to the ODS materials are present
just after hot extrusion and before cold manufacturing [4]. This specific fabrication sequence
implies specific mechanical behavior of ODS mother tube, i.e. low ductility and high hardness at
room temperature, which complicates the cold manufacturing of ODS cladding tubes and requires
the introduction of intermediate heat treatments between the cold rolling passes in order to soften
the material and avoid any damage during the fabrication route [5-7].


http://www.scientific.net
http://www.ttp.net

A good understanding of the microstructural evolutions but also mechanical state in the course of
manufacturing represents a crucial point for the global optimization of the ODS fabrication route.
This paper is focused on Fe-9Cr-1W ODS material, elaborated at CEA, during the last step of the
fabrication route (last cold rolling pass and final heat treatment) and concerns the residual stresses

evolution.
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Fig. 1: ODS cladding tubes fabrication steps [8].

Studied material

Metallic powders atomized by Aubert & Duval and yttria powder were mechanically alloyed
under hydrogen by Plansee. They were consolidated by hot extrusion to obtain raw tubes, and then
manufactured into thin cladding tubes using cold rolling passes punctuated by intermediate heat
treatments for stress relief purposes. The obtained ODS (so-called “martensitic”) grade has a
nominal composition of Fe-9Cr-1W-0.2Ti-0.3Y,0s. It presents a large austenitic domain at high
temperature which allows complete phase transformation from ferrite to austenite. Characteristic
temperatures and critical cooling rates are determined thanks to the Continuous Cooling
Transformation (CCT) diagram [8].

During the last step of the fabrication process, i.e. manufacturing into thin cladding tube (500pum
thick) by mean of pilger cold rolling process, it is very important to control the hardening of the
material, in order to prevent any damage. The low cold workability of ODS raw tubes complicates
the manufacturing and implies intermediate softening heat treatments punctuating the cold working
passes. In order to guaranty a safe forming, microstructure evolutions during the manufacturing are
followed by mean of hardness measurements all along the fabrication route [9] (Fig. 1).

Mother tube heat treatment consists in a homogenization at 1050°C for 1h followed by a slow
cooling, leading a softened ferritic structure (hardness value around 300Hy;). Six cold rolling
passes are conducted with a cross-section reduction ratio of about 25% for each pass. Intermediate
softening heat treatments are performed every two passes [10]. After about 40% cold working,
hardness increases up to 400Hy,. This value can be considered as a critical level above which cold
rolling become unsafe [7]. The intermediate heat treatment is performed in the austenitic domain,
i.e. at 1050°C during 1h, and followed by a slow cooling (0.03°C/s). It leads to a significant
decrease of the hardness until its initial value of 300Hy,. The softened raw tube can be further cold-
worked without any risk of damage. These operations, i.e. cold rolling passes and intermediate
annealing in the austenitic domain, are repeated until reaching the final cladding tube geometry:
10.73mm external diameter and 500um thickness. A last annealing is performed in order to ensure
good mechanical properties to the final cladding tube. A homogenization at 1050°C for 30 minutes



is carried out and followed by a fast cooling (around 1°C/s), which corresponds to the critical
cooling rate leading to the formation of a martensitic structure. The final cladding tube is then
tempered at 750°C for 1h.
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Fig. 2: Hardness evolution during the manufacturing process [10].

In this paper, Fe-9Cr-1W ODS tube is studied at two steps of the fabrication route: after the last
cold working pass, i.e. after about 40% of cumulated cold work (sample named J95-M1 or CR in
Fig. 2) and after the final heat treatment of 1050°C / 30min + fast cooling + 750°C/1h (sample
named J95-M3 or FHT in Fig. 2).

Microstructures are drastically different between the two samples: J95-M1 sample shows fine
grains elongated is the rolling direction (a few pum thick and around 10 um long) while J95-M3
sample presents an equiaxed microstructure similar to the mother tube one. The complete phase
transformation from ferrite to austenite allows eliminating the anisotropic microstructure induced
by cold rolling [10].

As already explained, residual stresses have to be minimized to avoid any damage of the tube at
every step of the fabrication process. To follow the evolution of internal stresses for these two ODS
tubes, two complementary approaches have been followed: (i) determination of the macroscopic
stress by means of small cuts along the longitudinal and circumferential directions, measurements
of the tab deflection, and interpretation in terms of stress using the elastic beam theory, (ii) localized
stress determination from X-ray diffraction analyses using the standard “sin>t”” method.

Residual stresses determination

Average macroscopic determination. Longitudinal cuts along the tube are performed on the two
samples in order to obtain two symmetrical tabs. The cladding tube of Fig. 3a corresponds to the
J95-M1 sample taken just after cold working. The considerable internal stresses due to the rolling
process induce a macroscopic displacement of the tabs. On the contrary, the second cladding tube,
which is softened by a heat treatment performed in the austenitic domain (J95-M3 sample), shows
no displacement after cutting (Fig. 3b).
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Fig. 3: 9Cr-ODS cladding tube a) after 40% cold working (J95-M1) and b) after final heat treatment
1050°C/30min + fast cooling + 750°C/1h (J95-M3).



Here, thanks to the large aspect ratios of the tabs, the elastic beam theory can be applied to
interpret the measured displacements. It has to be noted that the cutting of these fine tabs relaxes
only part of the internal stresses; the final internal stress in the tab does not necessarily vanish.
Equilibrium ensures that the bending moment in the tabs vanishes, but through-thickness gradients
of residual stresses can still persist. The measured tab deflection corresponds to the stress increment
between the initial tube and the cut tab, and is associated with the bending moment originally
present in the tubes. Assuming that the tab deflection is purely elastic, i.e. does not generate any
plastic strain, the increment of through-thickness stress distribution between the initial and final (i.e.
cut) configurations is linear (Fig. 4), and the maximal value of the residual stresses increment along
the longitudinal axis z of the tube reads

(L).E
Ao = —==h (1)
with E the Young modulus, L the tab length, h its thickness, and u(L) the maximum displacement
along the radial direction x. The quantity AG,, corresponds to the stress on the outer tube surface
that is released during the cutting.
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Fig. 4: Stress distribution on the tab along the longitudinal axis of the tube.

Similar measurements (in both cases, displacements were measured carefully using laser
shadowscopy: accuracy of few um) were performed for ring specimen in order to estimate the
maximum residual stress increment along the circumferential direction (Fig. 5): when longitudinal
cuts are performed, the diameter is increasing depending on the macroscopic residual stress level.
The maximal value of the residual stress increment along the circumferential direction of the tube
(0) reads

h 1 1
o_reneax = E'E'(R_O_E) (2)

with Ry and R the ring radius before and after cutting, respectively.
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Fig. 5: 9Cr-ODS cladding ring a) after 40% cold working (J95-M1) and b) after final heat treatment
1050°C/30min + fast cooling + 750°C/1h (J95-M3).

Average microscopic determination. These stresses, named type-1, ¢, vary within the body of the
component over a range much larger than the grain size. Then, X-Ray Diffraction (XRD) has been
used to determine residual stresses values using the standard “sin*f method”. It is based on
interplanar spacing used as strain gauge, considering that macroscopic residual stresses in the
material cause changing of interplanar distance d. XRD data were obtained using a Bruker-DS§-



Discover device with Cu-Ka radiation, Polycap focusing optic and 1 mm collimator to reduce beam
size, Y4 circle Eulerian cradle and a scintillator as point detector. Note that with such a setup, since
the XR beam penetration is small (few microns only), the measured stress corresponds to the outer
surface of the tube. XRD enables interplanar spacing calculation from measuring Bragg’s angle and
using Bragg’s equation (Eq. 3). Differentiating Eq. 3 provides the elastic strain € from Bragg’s
angle shift A0 (Eq. 4).

2 d sin® = nA 3)
e= "= —cotd AD &)

where d, 6, A, €, and A are the interplanar distance, the diffraction Bragg’s angle, the radiation
wavelength, the elastic strain, and the Bragg’s angle shift, respectively. A diffraction peak at quite
high angle has been chosen to obtain a good accuracy in residual stresses determination and at the
same time peak intensity high enough: all things considered (310) planes at 26=115° have been
selected. The standard “sin*¥ method” has been used to interpret XRD data; it relies on several
assumptions, i.e. homogeneous and isotropic material, linear elastic behavior, biaxial stress state for
which only Oy, Oxy, and Oy, are non-vanishing, and vanishing residual stresses at the grain scale
(so-called second order stresses). This leads to the expression [13, 14]:

M (I oy Y)
s-d—do— Esm‘P =) %o (5)

with E and v respectively the Young modulus and Poisson ratio regarding the radiocrystallographic
elastic constant, and 6y = Gx for ¢=0, 6y = Oy, for ¢ = 1/2. Strain values are recorded for different
sample tilt angle (v) at constant azimuth angle ¢. Strain vs. sin®¥ is plotted to estimate the stress
values. Two angles ¢ have been used in order to determine the axial stress (along the longitudinal
direction of the tube) and the hoop stress (along the circumferential direction). 20 negative and
positive tilt angles ¢ have been used for sin? y values ranging from 0 to 0.5. A stress free sample of
the same material has been prepared and measured in order to provide an estimation of do. The
experimental procedure, i.e. device and sample positioning, was validated thanks to an unstressed Si
powder sprayed at the surface of a ring showing similar dimensions as the specimens, and also
thanks to a reference sample with a well-known stress level (shot peened austenitic stainless steel).
The obtained strain vs. sin*¥ plots are given in figure 6.
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Fig. 6: Strain vs. sin?¥ for cold worked (J95-M1) and final heat treated (J95-M3) rings along axial
(0,,) and circumferential (Ggp) directions.

Results

Results with both approaches are given Table 1. The maximal value of the stress increment for
the cold-worked cladding tube is obtained through the macroscopic calculation and is about 800
MPa, along the axial direction. Along the same direction, the heat treated cladding tube exhibits
negligible internal stresses. Similar results are obtained for circumferential direction with a lower
residual stress level: 165 MPa for cold rolled tube compared to ~0 after the final heat treatment.

This macroscopic demonstration prove the preponderant effect of the o / y phase transformation
to release the internal stresses induced by the cold rolling process. This very important result has
been also confirmed by microstructural analyses using TEM but also mechanical testing (hardness
especially) [10].

Table 1: Residuals stresses along axial and circumferential directions from macroscopic
measurements and XRD analyses.

. Ao, A oy O Coo
Material Thermomechanical Metallurgical state | Reference | Macro. | Macro. XRD XRD

treatment [MPa] [MPa] [MPa] [MPa]

Cold rolled (40%) Ferritic cold worked J95-M1 80010 | 165+10 | -575+£30 | -407+30

40% cold rolled +
final heat treatment
1050°C/1h + fast
cooling + 750°C/1h

Fe-9Cr-1W
(Ferrito-)martensitic J95-M3 0+10 0£10 -130+30 | -75+30

It is also very interesting to make relationships between these results and Vanegas’s PhD work
[12] concerning numerical approaches of the pilgering process used during the ODS tube
fabrication at CEA. Finite elements calculations of the process taking into account cyclic elastic—
plastic constitutive model [11] identified from fatigue tests show similar results with a better
description of the mechanical local state for a specific section of the tube at different depth in the




thickness of the tube and for different generatrices (Fig. 7). In fact a real comparison with this
numerical approach is not possible with the macroscopic approach using cutting. Integrations of the
mechanical state along the length of the tab or the ring have to be done for valid comparisons. For
example, longitudinal cuts performed along 12 generatrices show that in any case the stress state
from average macroscopic determination is in tension (the macroscopic displacement of the tab is
always in the same direction and range, as observed Fig. 3a).
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Fig. 7: Residual stresses computed by numerical approaches along axial (6,,) and circumferential
(0gg) directions [12].
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Now, looking at XRD results noticeable differences with macroscopic calculations are obtained.
But one has to keep in mind that residual stresses determine by XRD techniques are more local than
what is obtained from cutting of specimen machined from tubes, and that XRD measures the actual
stress level while the cutting only the stress release between two configurations. One interesting
point is that residual stresses obtained from XRD measurements are significantly reduced after final
heat treatment and, as for macroscopic calculation, the highest value is obtained along the axial
direction of the tube.

Nevertheless, according to the assumption proposed to evaluate the stress distribution on the tab
along the longitudinal axis, the external layer has to be in tension while according to XRD
measurements it is in compression. This major difference could be attributed to the fact that XRD
analysis is performed at few microns depth (in our case, estimation of the diffracting volume is
around 1.5x1x0.004 mm?®) and strongly depends on the local hardening due to the process. This
point has to be addressed in future experiments by measuring the local stresses at different depths.
Looking at Vanegas results, one can see that for specific generatrices, compressive stresses can be
obtained whereas for others tensile stresses are found. Accurate analyses with XRD are under
progress in order to make direct comparisons with Vanegas’s numerical modeling at different
depths and along different generatrices.

Conclusion

Fabrication process of ODS thin tubes, especially during the cold pilgering step, induces high
residual stresses damaging the material during the fabrication. Residual stresses have been
determined on two thin tubes, before and after heat treatment, using two complementary



approaches: (i) determination of macroscopic stresses released in the tube using small cuts along the
longitudinal and circumferential directions and measurements of the bending, (ii) localized stress
determination from X-ray diffraction analyses (using “sin*t”” method).

Macroscopic and XRD determinations show the strong effect of the heat treatment (reduction of
stress along axial and circumferential direction) but stresses levels are significantly different
between the two techniques: this can be understood taking into account the fact that XRD brings
more local residual stresses analysis. Tab deflection provides information relative to the bending
moment originally present in the tube, while XRD is a measurement of the stress in the outer tube
surface.
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