OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse
researchers and makes it freely available over the web where possible

This is an author’s version published in: http://oatao.univ-toulouse.fr/28774

Official URL: https://doi.org/10.1016/j.actamat.2021.117435

To cite this version:

Slim, Mohamed Fares and Geandier, Guillaume and Rouillard, Fabien and Malard,
Benoit®™ Determination of residual stress gradient in a Ti-stabilized austenitic
stainless steel cladding candidate after carburization in liquid sodium at 500 °C
and 600 °C. (2021) Acta Materialia, 221. 117435. ISSN 1359-6454

Any correspondence concerning this service should be sent
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr



mailto:tech-oatao@listes-diff.inp-toulouse.fr
http://www.idref.fr/131163949
https://doi.org/10.1016/j.actamat.2021.117435

Determination of residual stress gradient in a Ti-stabilized austenitic
stainless steel cladding candidate after carburization in liquid sodium

at 500 °C and 600 °C

Mohamed Fares Slim#P+ Guillaume Geandier? Fabien Rouillard ¢, Benoit Malard 4

2 Université de Lorraine, CNRS, IJL, F - 54000, France
PESRF - The European Synchrotron, 71 Avenue des Martyrs, 38000 Grenoble, France

¢ Université Paris-Saday, CEA, Service de la Corrosion et du Comportement des Matériaux dans leur Environnement, 91191, Gif-sur-Yvette, France
4 CIRIMAT, Université de Toulouse, CNRS, INPT, UPS, 4 aliée Emile Monso, 31030 Toulouse, France

ARTICLE INFO ABSTRACT

Keywords:

Residual stress

High energy X-ray diffraction
Carburization

Expanded austenite

Carbide precipitation
Nuclear liquid sodium

Non-destructive residual stress profile measurement with a micrometric depth resolution within the
depth of carburized Ti-stabilized stainless steel cladding candidate was carried out by high-energy X-ray
diffraction. The samples were carburized in carburizing nuclear liquid sodium at 500 ° Cand 600 ° Cfor
1000 h. The full residual stress tensor profile was determined thanks to the estimation of the strain-free
lattice parameter evolution using the carbon concentration profile measured by electron probe microanal-
ysis and thermodynamic simulation. For the sample carburized at 500 ° C,the residual stress genesis was
governed by the carbon concentration within the steel and the formation of expanded austenite. For the
sample carburized at 600 ° C, the residual stress profile in the austenitic matrix depended on the precip-
itation of M»3;Cg carbide. Stress relaxation was observed in the intragranular carburization zone. For the
two temperatures, compressive residual stresses developed in the carburized zone and tensile stresses

developed in the rest of the sample.

1. Introduction

As an alternative for the third-generation of nuclear reac-
tors, the French alternative energies and atomic energy commis-
sion (CEA) has launched the development of a new generation of
sodium-cooled fast nuclear reactor (SFR). As a part of this devel-
opment, many research programs have been started on the differ-
ent SFR reactor components. This paper focused on the long-term
performance of the control rods cladding which are located in the
core of the reactor. Feedbacks from first tests in former French
experimental sodium fast reactors evidenced the premature rup-
ture of this cladding. From the expertise of the broken cladding,
it has been evidenced that the carburization of the stainless steel
cladding was the main cause of failure. It is well known that the
mechanical properties of steels such as the ductility or the fracture
strain are reduced after carburization [1-3]. The carburization of
stainless steel after exposure to nuclear grade liquid sodium con-
taining carbon was extensively studied in the past [4, 5] and more
recently [6-9]. Ti-stabilized austenitic stainless steel AIM1, a stain-
less steel cladding candidate for control rods, formed a carburized
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zone after 1000 h of exposure in carburizing liquid sodium at tem-
peratures of 500 °C and 600 °C [8, 9]. Carbon diffuses into the steel
and, depending on the temperature, oversaturates the austenitic
matrix and/or forms carbides. The effect of the carburization pro-
file characterized, among others, by the maximum carburization
depth or the fraction of carbides, on the ductility, has been studied
in detail at room and high temperature [3]. Another important me-
chanical consequence of carburization is the generation of residual
stress profiles induced mainly by a gradient of composition in the
matrix and the formation of new phases (mainly carbides) [10].
The residual stresses profiles are often determined from thermo-
mechanical simulation because experimental access to them is not
easy. The brightness and high photon flux available nowadays at
synchrotron sources allow to work with a highly collimated X-ray
beam and reach nanometric resolution. The ability of such tech-
nique to resolve depth gradients of microstructure and residual
stress were demonstrated in the past [11-15].

The goal of this study was to determine, with a micromet-
ric resolution, the full residual stress tensor in the sample depth
of Ti-stabilized austenitic stainless steel carburized in sodium in
the operating temperature range of control rods, between 500 and
600 °C. In that purpose, the effect of composition on the lattice
parameter of austenite and carbides (called “strain-free” lattice pa-



Table 1

Composition of the AIM1 austenitic stainless steel (wt.%) analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES) and combustion analysis for carbon.

Cr Ni Mo C Ti

Mn

Co Si Cu Al Fe

1435 14.05 140 0.09 0.36

1.40

0.02 073 0.12 0.015 Base

rameter) is needed to take into account the “chemical” effect on
the lattice parameter values measured by X-ray diffraction. This
“chemical” effect on the lattice parameter is not, often, easily ac-
cessible and, in consequence, not always considered for the deter-
mination of residual stress profiles published in literature. Never-
theless, this effect can be strong and thus should always be con-
sidered rigorously. In this study, the chemical composition of the
different phases was first obtained through the measurement of
carbon profile by EPMA and thermodynamic simulations. Then,
the effect of the composition gradient on the lattice parameter of
austenite and carbides was predicted from empirical laws given in
literature. Finally, the residual stress profiles could be determined
from the evolution of the non-chemically induced lattice param-
eter values by high energy X-ray diffraction. The obtained resid-
ual stress profiles were discussed at the light of the developed mi-
crostructures.

2. Experimental details
2.1. Material and carburization experiments

The studied material was a Ti-stabilized austenitic stainless
steel AIM1 quenched at 1130 °C and strain-hardened during rolling
to 25%. The detailed chemical composition of the studied steel is
given in Table 1. At initial state, the AIM1 alloy was composed of
austenite and a small quantity of TiC carbide (about 1 to 2 wt.%).
The grains were mostly equiaxed with an average size of 40 pm.

AIM1 austenitic stainless steel samples were carburized at
500 °C and 600 °C for 1000 h. The carburization experiments
were performed in a mild steel crucible (iron containing 0.38 wt.%
of carbon) filled with around two liters of nuclear grade liquid
sodium and containing additional mild steel plates. These mild
steel plates were added in order to maintain a high carbon ac-
tivity in sodium during the whole test duration. Before exposing
to sodium, the AIM1 samples of dimensions 20 x 20 x 1 mm?
were cleaned in ethanol and the liquid sodium was purified from
dissolved oxygen using zirconium foil at 600 °C for three days (to
obtain an oxygen concentration lower than 5 ppm). More details
on the procedure for carburization experiments in sodium can be
found in previous works of Romedenne et al. [8, 16, 17]. After car-
burization, samples with dimensions of 3 x 3 x 1 mm3 were cut
from the middle of the carburized plates and used for the differ-
ent experimental characterizations. A non-carburized sample was
annealed in helium at 600 °C for 1000 h in order to remove any
residual stresses induced by rolling. It was used as an unstressed
sample reference in this study.

2.2. High-energy X-ray diffraction experiment

The reference and carburized samples were characterized by
HEXRD in transmission mode at the PETRA PO7-EH2 beam-
line (DESY-Petra Ill, Hamburg, Germany). A schematic presenta-
tion of the experimental set-up is given in Fig. 1a. The high-
energy monochromatic rectangle-shaped beam with specific di-
mensions of 300 um in length and 2 pm in height, see Fig. 1b,
(E = 1034 keV, A = 0.119907 A) allowed working in transmission
on the cross-section of the sample of dimensions 3 x 3 x 1 mm?3
(3 mm in the S; and S, directions and 1 mm in the S; direction,

see Fig. 1b). The sample was animated by a translational move-
ment along the S3 axis with a velocity V = 10 pm/s. A 2D Perkin
Elmer detector (2048 x 2048 pixels, pixel size of 200 x 200 pm?2)
with a high acquisition rate (10 Hz) placed at 1.5 m from the sam-
ple was used to record the whole Debye-Scherer rings with a max-
imum 20 angle of 7.5°. The continuous translational movement of
the sample along the S3 axis coupled with the high image acqui-
sition rate of the 2D detector allowed recording 2D images of a
diffracted volume of 300 x 3000 x 3 um3 at every micrometer
through all the traveled thickness (from the surface of the sam-
ple up to 500 pm in depth). In order to center the specimen and
align its upper surface to be parallel to the beam, series of absorp-
tion and reflective scans using the direct beam and a photodiode
positioned behind the sample were carried out. Considering the
high photon energy and the resulting small scattering angles, the
alignment had to be carried out at high precision thanks to three
translations and rotations. No assumption on the stress state in the
plane of the samples (S{, S;) was taken. In consequence, 2D images
were acquired at three different x orientations: 0 °, 90 ° and - 90
° around the S3 axis. The w rotation was set equal to zero during
the experiments.

3. Data treatment
3.1. Phases mass fractions

The 2D diffraction images recorded during the experiments
were integrated all around the rings using PyFAI software [18]. The
2D detector to sample distance and the detector tilts were cali-
brated using a cerium dioxide powder diffraction standard from
NIST (CeO, - SRM 674b). The obtained 1D diffractograms (Intensity
vs 20) were corrected from the instrumental contribution, using
the same powder diffraction standard, and analyzed with a full Ri-
etveld refinement procedure using MAUD software (Material Anal-
ysis Using Diffraction) [19]. After data processing, the Rietveld re-
finement allowed to determine the evolution of the mass fractions
of the phases present in the alloy. The absolute uncertainties on
the measured mass fraction was 2 wt.%. The carbides mass frac-
tions determined by Rietveld analysis allowed the calculation of
the carbon mass fraction trapped in carbides using Eq. 1:

wgarbideS(Wt. %) _ szng.wa23C5 +fM7c3.WCM7C3 + fTiC.ngC (1)

with fX the mass fraction of the phase X and w¥ the carbon mass
fraction in the phase X.

3.2. Residual stress determination

X-ray diffraction is a selective experimental technique. It allows
strain/stress measurement in each phase within a multiphased ma-
terial by comparing the variation of interplanar distance of a crys-
tallographic plane to a reference value. This reference value must
be determined from an unstressed sample with the same chem-
ical composition. More details on the determination of this value
is given later in the paper. In the case of a single-phase material,
the strain/stress measured within the phase is equal to the macro-
scopic stress in the sample. However, in the case of a multiphased
material such as in carburized steel, the macroscopic stress in the
sample is the sum of the stress created in all phases weighted by
their volume fractions in the material (see Eq. (8)).
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Fig. 1. a) Experimental set-up of the HEXRD measurements, b) Schematic view (not to scale) of the sample cross-section.

The stress analysis was performed by applying the sinWw
method. After the calibration procedure made on a cerium diox-
ide powder diffraction standard (CeO,-SRM 674b), the recorded 2D
diffraction images were integrated around the azimuthal angle §
along the Debye-Scherrer ring over 2 ° sectors using pyFAI soft-
ware [18]. In order to determine the residual stresses in the alloy,
the variation of the inter planar distance dy in different direc-
tions should be determined. So, at least the directions dependent
positions 20 of one plane of each phase must be evaluated. The
austenite (Yge) (220) and M53Cq (420) peaks were selected as they
do not overlap with peaks of other phases. In the zone where M,C3
precipitated, no residual stress determination was carried out be-
cause the peaks of M;Cs; overlapped with peaks of other phases
(austenite and M,3Cg mainly). The mechanical effect of TiC carbide
was neglected as its mass fraction does not exceed 2%, see § 4.1.
The peaks line profiles were fitted using a Pearson VII function.
An automatic procedure was developed using Python environment
to analyze the data. After data processing, 206 positions, full width
at half maximum (FWHM), intensity, shape factor, background pa-
rameters and residual stresses were extracted. The FWHM is sen-
sitive to stress-strain accumulation (dislocation density), micros-
trains (strain heterogeneities between and inside grains) and mi-
crostructural evolution (essentially chemical gradient in our case).
In order to consider the uncertainties in the 20 position due to
the variations of the beam position during experiments and to free
ourselves of the exact knowledge of the Debye-Scherer ring center,
an average 20 position for the opposite azimuths (6 and § + 180°)
was used in the residual stress determination [20, 21].

In the case of a triaxial residual stress state, assuming a macro-
scopically elastically isotropic behavior of the material and assum-
ing that the chemical gradient has a negligible effect on the ma-
terial elasticity constants, the strain in the measurement direction
gpy can be written as following [22, 23]:

sin 63" 1 chk L2 Ve o
gy =1In sinoma ) = 552 (0¢p — 033)sin“ W + 552 T Sin (2W)

1 =
42503, + ST (5) @
Op =011 COSZ(D + 0128in2®P + 0'2251.112¢ (3)

T = 013€0SD + 0935ind

Table 2
XEC of austenite (220) and My3Cg (420) calculated from literature
data using Hill model.

15, (106 MPa~')  S; (106 MPa~")
Austenite (yr) (220) 6.47 - 144
My3Cg (420) 3.627 -0.817

(5)

with S" and ]SB! the X-ray elasticity constants (XEC) of plane
(hk), 2K the strain-free diffraction angle of the diffracting plane
and 6" the diffraction angle of the stressed plane, & the stress
tensor and oj; and ¢&;; the stress and strain tensors components re-
spectively. In the case of a triaxial stress state, by plotting e¢y as
function of sin®W¥, an ellipse is obtained. The slope of the ellipse
axis presents the stress difference in the plane of measurement
and the ellipse opening allows to determine the shear stresses. In
our case, the sin> W curves were almost linear and no ellipse was
observed meaning that no shear stresses (or negligible) were de-
veloped after carburization. In the following, only the o compo-
nents were presented since the o wit izj COmponents were negli-
gible. The transformation of angles § (azimuthal angle along the
Debye-Scherrer ring), x (sample rotation around its normal; Ss3
axis) and w (sample rotation around S; axis) into classical angles
® and W defining the measurement direction i (see Fig. 1a) was
done using the formulas given in the literature [21, 24, 25].

The XEC of the yg. (220) and M,3Cg (420) were calculated from
the single-crystal elasticity constants found in literature [26, 27]
using Hill model [28] and are presented in Table 2. The depen-
dence of austenite and M;3Cg XECs on the chemical depth gradient
was not considered. It will be discussed later in § 5.1.2 and § 5.2.3.
The uncertainties on the residual stresses were calculated using
the uncertainty propagation equation based on the methodology
referenced in the metrology documents [29, 30]. Its main source
was the uncertainty committed on the calculated stress-free lattice
parameter.

From Eq. (2) it is possible to extract the full residual stress ten-
sor if the strain-free diffraction angle of the diffracting plane, i.e.
the strain-free lattice parameter, is known. Usually, the strain-free
lattice parameter can be determined through various methodolo-
gies: by using a powder of the same material, by long time an-
nealing of the sample or by sectioning the sample in small pieces

Tr(0) = on1 + 022 + 033



in order to relax the macroscopic residual stress developed in the
specimen. More details can be found elsewhere [31]. First, the car-
burized samples studied in this paper have a steep gradient of
composition and microstructure with respect to the sample depth
which makes the production of a powder with the same character-
istic practically impossible. Then, annealing the sample could in-
duce microstructure change of the sample such as the precipitation
and coarsening of carbides and/or the decomposition of expanded
austenite. Finally, sample sectioning in our case is very difficult,
expensive and time consuming and the results are not guaranteed
as coupons of a few micrometers have to be produced and mea-
sured. In this study, the strain-free lattice parameters of austenite
and M,3Cs were determined from an empirical relationship giv-
ing the strain-free lattice parameters of both phases as a function
of their compositions. More details will be given in the following
sections and can also be found in a previous work [9].

3.2.1. Methodology of the determination of the strain-free lattice
parameter of austenite and M»3Cg carbide

The austenite strain-free lattice parameter, a , was cal-
culated using an empirical model extracted from literature [32].
The model describes the evolution of the lattice parameter of
austenite as a function of the concentration of carbon and of all
the alloying elements present in austenite (Eq. (6)).

@™ "I — ay + ae x %CY +0.0006(0.0003) x %CrY
+0.00095(+0.00015) x %Mn? — 0.0002(-0.00004)
x %Ni? + 0.0056(40.0007) x %Al” —0.0004(=0.0001)
x %Co” +0.0015(<0.0005) x %Cu? + 0.0031(0.0004)
x %Mo + 0.0039(40.0009) x %Ti” (6)

In Eq. (6), ag is the lattice parameter of austenite at ambient
temperature in absence of any alloying elements, oy is the lat-
tice expansion coefficient of the metallic element M and%M?” is the
wt.% of the element M in austenite. In this work, ag was obtained
by subtracting the lattice expansion caused by the dissolved car-
bon and the alloying elements M present in the austenitic matrix
in the as-received steel (calculated by ThermoCalc® using the steel
composition given in Table 1), from the initial lattice parameter
(alnitial) of AIM1 alloy. This last value was determined experimen-
tally by HEXRD on the annealed sample at 600 °C in helium for
1000 h: gifitidl= 3,5890 + 0.0005 A. The lattice expansion coeffi-
cients «), of the alloying elements were taken from the work of
Dyson and Holmes [32] which was the only complete work found
in literature on this topic. According to literature, the lattice ex-
pansion coefficient of carbon o varies between 0.028 and 0.054 A
| (wt.%) C [32-40]. The multiple ¢¢ values found in literature are
due to two principal reasons: i) a few coefficients were determined
on stressed samples which results on an incorrect value biased by
stress effect and ii) the a¢ values are determined for alloys hav-
ing different compositions. In front of the difficulty to choose the
right oc value among all proposed values in literature, the lattice
expansion coefficient value of carbon used in (Eq. (6)), o, was de-
termined so that the macroscopic stress profile through the sam-
ple exposed at 500 °C for 1000 h was balanced (see § 5.1.1). This
verification could only be done for the sample exposed at 500 °C
since the residual stress determined in austenite for this specific
sample could be considered as macroscopic as well. Indeed, this
sample contained almost exclusively austenite (single phase). The
presence of a thin M,3Cg carbides rich layer near the very near
surface (Fig. 2) was neglected. More details on the determination
of ac and the strain-free lattice parameters for the two tempera-
tures, 500 °C and 600 °C, are given in sections 5.1 and 5.2.

The strain-free lattice parameter of M,3Cg was calculated us-
ing Eq. 7. In Eq. 7, w’,‘é’Bcﬁ represents the mass fraction of the el-
ement X in M,3Cg carbide determined by Thermo-Calc®, a™23G is

strain— free

the Cr,3Cg lattice parameter and a'X- €M23G js the lattice parame-
ter from the literature corresponding to the mass fraction of X in
M,;3Cg [41]. A = 0.108 A is a correction term applied to the data
of Yi et al. [41] and represents the difference between the Cry3Cq
lattice parameters measured by Bowman et al. [42] and calculated
by Yi et al. [41]. The used data are showed in Figure 2 in supple-
mentary materials.

aVsG — WM?Ce.a(Mo, Cr)Cs 4 W:/’eBCs.a(FE, Cr)55G

+(1-wps® — wp®). a“=% 1+ A (7)

3.2.2. Electron probe microanalysis experiment

The carbon concentration profiles within the depth of the sam-
ples were measured using an SX 100 CAMECA electron probe mi-
croanalyzer (EPMA) operated at 15 kV and 20 nA using the phi-
rho-z method. The analytical crystal for K, C was LPC2. To get a
representative average carbon profile of the carbon contained both
in substrate grains and grain boundaries, four surface profiles of
2 x 50 ym? were averaged. The profiles were conducted up to
mid-thickness of the sample, i.e. 500 um. More details on the mea-
surement procedure are available in previous works [8, 16, 17].

4. Experimental results
4.1. Phases mass fractions

Fig. 2 and Fig. 3 show the evolution of the phases mass frac-
tions measured by HEXRD respectively in AIM1 alloys carburized at
500 °C and 600 °C for 1000 h. TiC carbides were initially present in
the alloy before carburization and its mass fraction did not evolve
after carburization at a detectable level for HEXRD for the two
carburization temperatures. At 500 °C, only M,3Cg carbides were
identified at the extreme surface of the sample (up to 6 pm in
depth). In the case of carburization at 600 °C, My3Cg and M;C3
carbides were mainly formed in the sample. M,3Cg carbides were
present in the whole thickness of the sample with non-negligible
quantity, > 2 wt.% until 350 pm. M,C3 carbides were only detected
within the first 60 pm below the sample surface. For more infor-
mation about the formation of carbides, expanded austenite and
phases distribution within the samples as a function of the carbur-
ization temperatures the reader can refer to previous works [8, 9].

4.2. Carbon concentration profile

Fig. 4 and Fig. 5 show a comparison between the carbon pro-
file determined by EPMA and the carbon profile determined from
the mass fraction of carbides detected by HEXRD in the AIM1 car-
burized respectively at 500 °C and 600 °C for 1000 h. At 500 °C
(Fig. 4), the carbon concentration revealed by EPMA was much
higher than the one calculated from the amount of carbides mean-
ing that almost all carbon absorbed by the sample was not trapped
into carbides. The carbon concentration reached at any depth was
much higher than the solubility limit of carbon at 500 °C given
by Thermo-Calc® (0.006 wt.%). Thus, a carbon supersaturation of
the austenite matrix occurred: expanded austenite formed in the
carburized zone [9]. This phenomenon has been previously evi-
denced by different authors in highly carburizing gaseous envi-
ronments on low alloyed steels and stainless steels at tempera-
tures under 550 °C [33, 34, 43-45] and in carburizing sodium at
500 °C [17]. At 600 °C (Fig. 5), both profiles are in excellent agree-
ment. Since Eq. (1) considers only the carbon contained in car-
bides, this excellent agreement demonstrates that carbon which
diffused within the sample was mainly trapped into carbides as ex-
pected by thermodynamic equilibrium. The formation of carbides
resulted in metallic depletion of the austenite, mainly in chromium
and molybdenum, two strong carbide former elements [9].
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5. Residual stress results and discussions
5.1. AIM1 alloy carburized at 500 °C for 1000 h

5.1.1. Strain-free lattice parameter of austenite
The strain-free lattice parameter for the sample carburized at
500 °C was determined as following:

i) in the region where only carbon supersaturation of austenite
occurred (no formation of carbides): the strain-free lattice pa-
rameter was determined using the EPMA carbon profile and the
mass fraction of the metallic elements shown in Table 1.

in the very thin region near the surface where M,3Cg carbide
formed: The chromium concentration in austenite was calcu-
lated using the measured mass fraction of My3Cg by HEXRD,
considering that M,3Cg contained only chromium as metallic
component which is a rather good approximation if one con-
siders Thermo-Calc® calculations. The carbon concentration in
austenite was calculated as the difference between the carbon

ii

=

C for 1000 h: a) austenite, b) M,3Cs carbides, c) M;Cs carbides, d) TiC carbides.

concentrations measured by EPMA and the carbon contained in
carbides and determined by HEXRD (calculated using Eq. (1)).

The optimum o coefficient, which satisfied the stress balance
in the sample was found equal to 0.0405 A | (wt. %) C (& 0.011).
This value was within the range of the values proposed in liter-
ature (between 0.028 and 0.054 A | (wt. %) C, see section 3.2.1).
The strain-free lattice parameter profile is shown in Fig. 6 and the
residual stress profile is presented in the next section. In accor-
dance with the carbon concentration profile (Fig. 4), an increase of
the austenite lattice was observed in the carburized zone.

5.1.2. Residual stress profile

Fig. 7a, b, c and d show the evolution of the normal resid-
ual stress components, the von Mises stress (calculated using the
von Mises yield criterion), the carbon concentration profile and the
FWHM of austenite in AIM1 alloy carburized at 500 °C for 1000 h
respectively. An equibiaxial stress state (017 = 0»;) was observed
in the sample surface plane (Sq, Sy). In order to describe and dis-
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cuss the observed stress profile, the investigated depth was divided
into two regions.

» Region I: This is the carburized region, see Fig. 7c. Compres-
sive residual stresses were developed in that zone, see Fig. 7a.
A stress relaxation was observed at the surface of the sample
due to free surface and, likely, the formation of carbides. Be-
tween 12 and 90 um, the calculated von Mises stresses were
higher than the tensile yield stress of as-received AIM1 alloy
(oy = 690 MPa). This last parameter was measured indepen-

3.65

dently from tensile tests at room temperature [3]. The FWHM
increased moderately between 90 and 30 pm (from 0.03 ° to
0.04 °) then sharply from 30 um of depth to reach 0.1 ° near
the sample surface, at 6 pym. A decrease of the FWHM was ob-
served from 6 nm of depth going up to the sample surface. Nev-
ertheless, it stayed higher than the value measured in the core
of the material.

Region II: This is the non-carburized region. In this region, a
transition from compressive to tensile residual stress in the ma-
trix was observed (Fig. 7a). The von Mises stresses were lower
than the tensile yield stress of as-received AIM1 alloy (Fig. 7b).
The carbon concentration was constant and equal to the AIM1
initial carbon concentration (Fig. 7c). The FWHM was also con-
stant (Fig. 7d).

The formation of compressive residual stresses at the sample
surface owing to the growth of expanded austenite, by carburiza-
tion or nitridation, was extensively reported in the past [44-49]. In
literature, the studied carburized samples were monophasic, con-
tained expanded austenite in the carburized zone and austenite
in the core, and the stresses were measured in the near sample
surface in almost cases. Thus, a null stress perpendicular to the
sample surface, o33 = 0, was assumed. In our study, at the ex-
treme surface, carbides were present with austenite. Thus, there
was a multiphased material at the extreme surface of the sample.
In this case, a non-null stress perpendicular to the sample surface
is expected to occur [50] in agreement with the residual stress re-
sult showed in Fig. 7a. The development of compressive residual
stress in the carburized zone can be explained as following. The
carbon which diffused within the sample depth was almost en-
tirely dissolved in the austenite matrix. Therefore, an expansion
of the austenite lattice occurred at the sample surface (Fig. 6) [9].
The carburized zone, containing expanded austenite, was mechan-
ically constrained by a non-carburized zone lying below the car-
burized region and containing as-received austenite. So, the ex-
pansion which was caused in the surface layer was restricted by
the subsurface layer and resulted in compressing the surface re-
gion (carburized zone). Plastic deformation occurred in the region
where oo, mises Were higher than tensile yield stress of the alloy.
As mentioned in section 3.2, the FWHM evolution is proportional
to different phenomena. At sample depth between the sample sur-
face and 90 num, plastic strains and chemical gradient were present.
That may explain the FWHM increase observed in that zone. The
presence of plastic strain in all points of that region cannot be con-
firmed or denied as the evolution of the yield stress of the studied
steel as function of carbon concentration was not investigated. For
example, Jiang et al. [51] have studied the mechanical properties
gradient of a low temperature carburized 316 L stainless steel and
have reported an enhancement of the yield stress as function of
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the carbon concentration. For instance, for a carbon concentration
equal to 1.4 wt.% which was the carbon concentration measured
at the sample surface in our case, the yield stress was enhanced
and reached 1.1 GPa [51]. The transition from compressive to ten-
sile residual stress was the consequence of the mechanical equi-
librium establishment (stress balance) in the whole sample. Differ-
ent affected depths for the profiles of carbon, residual stress and
FWHM were observed. Carbon diffused until 120 pm but gener-
ated a mechanical impact on a thicker region of 500 pm due to
mechanical equilibrium establishment in the sample. The FWHM
profile was differently affected: i) no evolution was observed in
the non-carburized zone due to the absence of chemical gradient
and plastic deformation and ii) an increase in the carburized re-
gion compared to the core of the material was measured due to
the accumulation of plastic strains and chemical changes in that
zone.

As already mentioned, the residual stress in AIM1 alloy car-
burized at 500 °C for 1000 h, presented in Fig. 10a, were calcu-
lated without taking into consideration the evolution of the XEC
as function of carbon dissolved in austenite. That remains reason-
able in our case. Jiang et al. [51] have mentioned a slight varia-
tion of the Young’s modulus of a 316 L austenitic stainless steel
between 195 GPa and 205 GPa for a variation of an amount of
carbon dissolved in the austenite between 0.03 and 1.4 wt.%. This
Young’s modulus increase will induce a variation of 100 MPa in
the value of residual stress calculated for the highest strain level
which was about 3.5 GPa. This 100 MPa increase was lower than
the experimental uncertainty given on this value. The cutting of
the measured sample from the carburized plate can lead to resid-
ual stress relaxation. That effect was evaluated by FEM simulations
using Cast3M software [52]. A stress relaxation due to sample cut-
ting was observed but the residual stress profile within the depth
of the sample was not affected. The maximum relaxation estimated
by FEM simulation is about 25% occurring mainly in the begin-
ning of the carburized zone and in the non-carburized zone from
200 pm to 500 pm. The point of zero stress marking the transition
from compressive to tensile stress remains at the same depth and
the relaxation at the vicinity of that point is less than in the rest
of the sample (zero at the transition point). The stress relaxation
was calculated only in the case of carburization at 500 °C. For car-

burization at 600 °C, the same relaxation mechanism could have
occurred.

5.2. AIM1 alloy carburized at 600 °C for 1000 h

5.2.1. Strain-free lattice parameters of austenite and M»3Cg carbide

The strain-free lattice parameter of austenite within the depth
of the carburized sample was calculated as a function of its chem-
ical composition using Eq. 6. The lattice expansion coefficient of
carbon, a¢c = 0.0405 A / (wt. %) C, determined in section 5.1.1, was
used. The chemical composition of austenite at any sample depth
was predicted assuming local thermodynamic equilibrium of the
carburized substrate. It was determined using Thermo-Calc® soft-
ware at all measured carbon concentration. This methodology was
presented and validated in a previous work [9].

The evolution of the austenite strain-free lattice parameter as
a function of the sample depth is presented in Fig. 8. The austen-
ite strain-free lattice parameter was not calculated in the region
where M;C3 carbide formed. This was due to a disagreement be-
tween the experimental and predicted results from Thermo-Calc®
in that region [9]. The strain-free lattice parameter was lower than
the initial lattice parameter of AIM1, in agreement with the forma-
tion of chromium and molybdenum rich carbides which resulted
in the depletion of these elements in austenite. More discussion on
the effect of carbide formation on the lattice parameter of austen-
ite were given in a previous article [9].

The evolution of the M»3Cg strain-free lattice parameter as a
function of the sample depth is presented in Fig. 9. It was not cal-
culated in the region where M;C;3 carbide formed for the same rea-
son as the one given previously for austenite.

5.2.2. Residual stress in austenite

Fig. 10a, b, c and d show the evolution of the normal resid-
ual stress components, the von Mises stress, the evolution of the
phases mass fractions and the FWHM of austenite in AIM1 alloy
carburized at 600 °C for 1000 h. Two different evolution of the
residual stresses were observed below the M;C3 - My3Cg carbide
rich region where the residual stresses evolution could not be de-
termined (Fig. 10a). First, the residual stresses increased with in-
creasing depth and reached a maximum value at a depth around
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180 pm. Then, the residual stresses decreased up to the center of
the sample. Interestingly, the M,3Cg fraction decreased with depth
monotonously in both regions. Besides, the von Mises stresses
(Fig. 10b) were lower than the tensile yield stress of as received
AIM1 alloy (690 MPa) at any depth. An increase of the FWHM was
observed at a depth of 220 um. It increased until 120 pm in depth
and reached a maximum value of 0.043 + 0.001 ° against a value
of 0.030 £ 0.001 ° in the core. Then, a slight decrease accompanied
with a stabilization at a value of 0.040 + 0.001 ° was observed.

It is proposed that the residual stress increase observed simul-
taneously with the Mj3Cg mass fraction increase from the cen-
ter of the sample to 180 um in depth was the consequence of
the rise in elastic energy due to the elastic accommodation of
the misfit between austenite and carbides lattices. In that re-
gion, carbides mainly formed in the grain boundaries of austen-
ite (Figure 1 in supplementary materials). It was reported in lit-
erature that M,3Cg carbide precipitating at austenite grain bound-
aries usually possesses coherent interface and orientation relation-
ship with the austenite grain from which it precipitates [53-56].
So, the increase of the residual stress in the zone between the
center of the sample and 180 pm could be justified by the in-
crease of the amount of M,3Cg precipitates in grain boundaries.
From 180 to 60 pm in depth, the intermediate zone and the in-
tragranular zone (see Fig. 1 in supplementary materials), and very
likely in the region near the surface, a residual stress relaxation oc-
curred whereas the M,3Cg mass fraction still increased. That resid-
ual stresses relaxation could be explained by a loss of coherency
between the austenite matrix and the M,3Cg precipitates which
resulted in a drop of the elastic energy and, as a consequence, a
decrease of the residual stresses. Wen et al. [55] and Ding et al.
[53] reported that M,3Cg starts precipitation at the grain bound-
ary from an austenite grain with which it is in coherence then,

grows fast into the interior of an adjacent grain without coherency
forming curved incoherent interfaces. The same growth morphol-
ogy was observed in the studied carburized samples. In Fig. 11,
carbides precipitating from an austenite grain then growing in the
adjacent grain forming curved incoherent interface are showed by
red arrows. It was also reported that M,3Cg carbides precipitat-
ing within the grains are incoherent with the matrix [54]. More-
over, Lewis and Hattersley [56] mentioned that M,3Cg particles
are never fully coherent with the matrix. Going towards the sam-
ple surface, the M,3Cs mass fraction increased, the coarsening of
the precipitates at the grain boundaries was observed and carbides
were formed within the grains (see Fig. 11 and Figure 1 in supple-
mentary materials). In consequence, the surface of incoherent in-
terfaces increased. This phenomenon could be the principal reason
of the observed residual stress relaxation. In short, the increase of
the intragranular M,3Cg carbides fraction in the sample decreases
the value of the residual stresses created in austenite. The FWHM
increase compared to the core material can be explained by: i) a
chemical gradient (a profile of austenite depletion in chromium
and molybdenum due to the formation of carbides) and ii) strain
heterogeneities (massive presence of carbide in grains and at grain
boundaries). It is important to highlight that the residual stress in
austenite were tensile along the whole measured zone. These ten-
sile stresses were the consequence of volume reduction in austen-
ite due to depletion in carbide former elements, mainly chromium
and molybdenum.

5.2.3. Residual stress in My3Cg carbide

Fig. 12 shows the residual stress in M,3Cg within the depth
of AIM1 carburized at 600 °C for 1000 h. Compressive resid-
ual stresses were developed in M,3Cg carbide along the investi-
gated depth range. The higher stress value, ~ - 42 + 0.1 GPa,
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Fig. 10. AIM1 alloy carburized at 600 °C: a) Residual stress components in austenite, b) von Mises stress in austenite, c) Mass fractions of the diffracted phases, d) FWHM

of the austenite.

was observed at 60 um in depth below the M;C3 - Mj3Cg car-
bide rich region. Then, it decreased to reach a minimum value,
~ - 16 £ 0.1 GPa, at around 100 pum in depth. Deeper, the
residual stresses increased again to reach a maximum value ~ -
3.3 + 0.17 GPa around 250 pm in depth. In the rest of the sam-
ple, the residual stress determination was limited due to the not
well-defined peaks of M,3Cg carbide (small intensity/background
ratio, M3Cg mass fraction lower than 2 wt.%). The residual stresses
in My3Cg (Fig. 12) were calculated without taking into considera-
tion the evolution of the XEC as function of the composition of
M;3Cg. Gong et al. [57] have reported a chemical composition de-
pendent evolution of M,3Cg elasticity constants. Unfortunately, the
data given in their study did not cover all the composition range
and could not be used in our study. To carry out a real quantitative
determination of the residual stresses in M,3Cg carbide required
supplementary input data which were not currently available.

5.2.4. Macroscopic residual stress
The macroscopic residual stresses developed in AIM1 carbur-
ized at 600 °C for 1000 h were calculated using Eq. (8) from the

residual stress profile determined in austenite and M,3Cg carbides
in the previous sections. It is shown in Fig. 13.

fgusteniregaustenite + fyzzceaMzzce (8)
with f and o* the volume fraction and the residual stress in the
phase x respectively.

As explained previously, the macroscopic residual stress profile
could not be determined in the nearest region of the surface where
M;C; formed. Underneath this region, the macroscopic residual
stresses are compressive over 100 pm in depth. Deeper, macro-
scopic tensile stresses were formed. The higher tensile stress value
was lower than the tensile yield stress of the carburized sample
determined through tensile tests at room temperature (~ 990 MPa)
[3]. The residual stresses in the first 60 pm of depth which were
not experimentally determined were very likely in compression in
order to satisfy the macroscopic stress balance within the whole
sample. A stress relaxation could be also expected at the extreme
free surface of the sample. The chemically affected depth in the
sample covered the whole sample generating residual stresses due
to the depletion of austenite, the formation of carbides and me-
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Fig. 11. TEM Annular Dark-Field micrograph of the lamella extracted at 100 pm
from the surface of the AIM1 alloy carburized at 600 °C for 1000 h. Red arrows:
M,3Cs carbides precipitating at the grain boundary and growing into the interior of
the grain.

chanical equilibrium establishment. Carburization at 600 °C does
not generate plastic strain but created a chemical gradient and
strain heterogeneities in about the first 200 pm of thickness re-
sulting in the increase of the FWHM of austenite in that region.

It should be mentioned that the quantitative residual stress pro-
files determined in austenite and M,3Cg carbide in that study were
directly dependent on the calculated strain-free lattice parameters,
hence on the expansion coefficient values and ab-initio data used
in Eq. (6) and Eq. (7). Any variation within the uncertainty range
given on the data cited previously would result in a variation of
the calculated stresses in the range delimited by the error bars and
will not in any case change the residual stress profile.

6. Conclusion

Residual stress gradients within the depth of a Ti-stabilized
stainless steel cladding candidate after exposure to carburizing nu-
clear liquid sodium was measured with a micrometric depth reso-
lution by high-energy X-ray diffraction.

« At 500 °C, massive supersaturation of carbon in austenite
mainly occurred. The expansion of the austenite cell due to
dissolution of carbon resulted in the development of compres-
sive residual stress in the carburized zone and tensile residual

0.8

stress in the non-carburized region. Plastic deformation might
have occurred within the first 100 pym of depth. The value of
the carbon expansion coefficient, «c, was assessed based on the
macroscopic stress balance assumption in the sample.

At 600 °C, chromium carbides mainly formed as carbon dif-
fused in the sample. Tensile and compressive residual stresses
were developed in austenite and M,3Cg respectively. The de-
gree of residual stress developed in austenite was dependent on
the My3Cg mass fraction and the coherence between the ma-
trix and the precipitates. A relaxation of the residual stress in
austenite was observed in the intragranular carburization zone.
In that zone, the carbides precipitate without coherency with
the austenitic matrix. The macroscopic residual stresses were
compressive in the carburized zone and tensile in the rest of
the sample. No plastic deformation was observed at this car-
burization temperature.
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