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Abstract

When subjected to long-term aging at intermediate temperatures, the 15-5PH precipitation
hardening martensitic stainless steel is subject to a complex evolution of its microstructure
that impacts its service mechanical properties. This evolution includes possible evolution of
minor austenite phase, of the copper-rich precipitates, as well as unmixing of the chromium
solid solution and formation of silicon-rich precipitates. In this work, a systematic
guantification of all these evolutions as a function of aging temperature and time is obtained
by combining advanced characterization tools, notably phase and orientation mapping in the
transmission electron microscope, atom probe tomography, and small angle X-ray and
neutron scattering. Results show a remarkable stability of austenite and Cu precipitation, and
evidence the kinetics of Cr unmixing and Si-rich phase formation. We proposed a
phenomenological model for the Cr composition fluctuations’ amplitude and characteristic
length increase with aging and put it in relation to hardness’ evolution.

Corresponding author: Laurent Couturier, laurent.couturier@univ-nantes.fr

1. Introduction

The 15-5PH is a high strength martensitic stainless steel hardened thanks to copper
precipitation. A possible application for this kind of stainless steel is as constitutive material
of structural parts of airplane pylons. During use, due to the proximity of the pylon to the
engine, the 15-5PH undergoes thermal aging at relatively low temperatures, around 300°C,
leading to a significant change of the mechanical behavior of the alloy [1-6] that may lead to
a decrease in toughness. This change in mechanical properties of the material is caused by
evolutions of its complex initial microstructure, which we have presented in details in a former
work [7]. The two main microstructural changes during such stainless steels’ aging are the
precipitation of a Ni, Mn and Si-rich phase and the Fe-Cr matrix unmixing, both at the
nanometer scale [8-12].

Precipitation of Ni, Mn and Si-rich phase in stainless steels, usually of the duplex kind used for
nuclear applications, has been extensively studied in the last years [13—23]. The precipitated
phase is usually designated as G-phase, which has been very well characterized since its first
observation by Beattie et al. in 1956, both in terms of crystallographic structure — face
centered cubic with a lattice parameter around four times the ferrite’s lattice parameter —and
composition — that may be complex but is usually depicted as MngSizNiis [21,22,24-32]. The



impact of this precipitation on mechanical properties is still under study, some authors
claiming it has no or negligible influence [5,28,33] and others claiming a significant impact
[34,35]. Nonetheless, in stainless steels where G-phase precipitation occurs as well as Fe-Cr
unmixing, most authors consider that the two phenomena are coupled. Mateo et al. even
proposed a G-phase formation mechanism driven by the partitioning of elements during the
Fe-Cr unmixing evolution [24]. Other authors also reported heterogeneous precipitation on
dislocations or other precipitated phases leading to a bi-modal precipitates distribution
[14,18,22,23].

The Fe-Cr unmixing has also been the focus of a large number of studies since the theories of
Cahn et al. [36—38] until very recent reports [11,12,15,20,34,39-50] with both an experimental
and/or a numerical approach. Cahn and Hilliard were the firsts to propose a model for the
early stages of spinodal decomposition in solids [36]. Then Langer, Bar-on and Miller (LBM
theory), proposed a description of the evolution of the structure factor of the spinodal
decomposition using Monte Carlo (MC) kinetics [51]. Further works also focused on the
prediction of Fe-Cr unmixing using MC kinetics leading to a description of the unmixing’s
structure factor and/or characteristic size evolution with time. The evolution is always
modeled using a power-law of aging time but with various time exponents [52-64].

These predictions may be confronted with experimental studies. In particular, atom probe
tomography (APT) has been extensively used for the Fe-Cr unmixing’s characterization
[39,52,63-68] since this technique is the only one being able to characterize directly local
compositional changes at the atomic scale, which is the scale of the Fe-Cr unmixing in its early
stages. These experimental works have been supported with fewer articles using small-angle
scattering techniques (essentially with neutrons - SANS) [69—-72]. However, even with these
advanced characterization techniques, describing the Fe-Cr unmixing is rather complex.
Blavette et al. proposed to use the V-parameter determined with APT, linked mainly (but
indirectly) to the composition fluctuations’ amplitude, to describe the advancement of the
unmixing reaction [73]. This parameter was found to be proportional to the ferrite’s hardness
increment in some duplex stainless steels [65,66]. More recently, the Chalmers group
proposed to use the Cr RDF (Radial Distribution Function), still determined with APT, to
estimate the characteristic size and amplitude of the Cr composition fluctuations, the Cr RDF
being directly linked to the Cr autocorrelation function [74]. They showed recently thanks to
this use of RDF the proportionality between Cr composition fluctuations’ amplitude and
hardness increment of the ferrite of the 2507 super duplex stainless steel [11]. Most of these
works were made considering the ferrite of duplex stainless steels, or even Fe-Cr binary alloys
for the study of Fe-Cr unmixing, which contain higher levels of Cr than the material under
study in this work and also different alloying elements’ contents, especially Ni, whose effect
on the Fe-Cr unmixing kinetics has been shown by different authors [46,47,75—77]. This quite
low Cr content makes it possible that the unmixing reaction would follow the nucleation and
growth mechanism rather than the spinodal decomposition one — at least it would be the case
at the considered temperatures if the material under study has been a binary alloy with similar
Cr content. Although this paper only considering the very early stage of unmixing, the
evolution of the Cr composition fluctuations would be very similar in both mechanisms, except
for their time exponent — presented in the above paragraph. Thus we will not in the following
refer to one or the other mechanism and only describe the Cr composition fluctuations’
evolution with aging time. The presence of the Cu-rich precipitation that ensures the material
high strength may also interfere with these microstructural evolutions.



The present work is an experimental approach based on the convergence of different
characterization techniques, listed in section 2, so that all microstructural changes during long
term aging, up to 15000h, in a large temperature interval from 290°C to 420°C may be
observed and quantitatively described. It completes our previous work, which described in
more details the initial microstructure — before aging — of the material under study [7] and
presented a model for the Cr composition fluctuations that we will use in this paper to
describe their evolution during aging [95]. It shows the absence of significant evolution of the
softening reverted austenite and the hardening Cu-rich precipitation during aging. It also
shows that Ni, Mn and Si-rich phase appears in two different ways. Finally, it gives a full
description of the Fe-Cr matrix unmixing with a phenomenological model based on the aging
parameters and shows that in this study the material’s hardness increase was found to be
proportional to the evolution of the Cr composition fluctuations’ amplitude resulting from the
unmixing.

2. Experimental procedure

Before the current investigation, the 15-5PH alloy, whose composition is given in Table 1, was
subjected to a solutionizing treatment around 1000°C for about 80 min before air quench
followed by a precipitation heat treatment of 5h at 505°C. It was supplied by Aubert & Duval.

Cr Ni Cu Mn Si Mo Nb C P S Fe

%wt | 14.87 4.93 2.99 0.8 0.38 0.27 0.21 0.025 | 0.019 | <0.002 bal.

%at | 15.85 4.65 2.61 0.81 0.75 0.16 0.13 0.115 | 0.034 | <0.004 bal.

Table 1: Chemical composition of the 15-5PH alloy under study

The material was then aged for different durations up to 15000 hours at 290°C, 325°C and
350°C, up to 5000 hours at 370°C and 400°C and up to 500 hours at 420°C.

In order to achieve the characterization of the diverse elements of the microstructure, we
used complementary techniques:

- Atom Probe Tomography (APT) to characterize the composition of the nanometer size
precipitates and the composition fluctuations appearing during aging due to the matrix
decomposition.

- Small-Angle X-ray and Neutron Scattering (SAXS and SANS) to characterize the size and
volume fraction (or compositional fluctuations” amplitude) of these elements of the
microstructure.

- Precession Electron Diffraction (PED) in the Transmission Electron Microscope (TEM)
to characterize the size, localization and morphology of the phases at the sub-micron
scale (austenite and ferrite).

- X-Ray Diffraction (XRD) to determine the austenite’s volume fraction.

In addition, the changes in mechanical behavior were monitored by measuring the evolution
of the Vickers microhardness (HV) of the alloy during aging.

APT samples were prepared from parallelepipeds 0.2 x 0.2 x 15 mm?3 using the two-step
electro-polishing procedure described in [78] with a mixture of 5% perchloric acid in acetic
acid for the first step and a mixture of 2% perchloric acid in 2-butoxyethanol for the second
step. For these experiments, we selected different aging times at 350°C (1000h, 2000h, 5000h,
10000h, 12000h, 15000h) to characterize the evolution of the microstructure changes at this
temperature, as well as the condition aged 5000h at 400°C in order to compare the changes



occurring after 5000h at a higher temperature, and the as-received condition as the reference
microstructure. The experiments were conducted on a LEAP 3000X HR instrument at the
IM2NP laboratory, Marseille, France. We used the laser mode of this instrument (wavelength
532 nm) with an energy varying from 0.6 nJ to 0.2 nJ and an evaporation rate up to 1% at a
temperature of 40 K.

SAXS samples were prepared from 0.3 mm sheets thinned down to about 40 um + 20 um by
mechanical polishing for all the aged conditions studied and for the as-received condition. The
experiments were conducted at the D2AM beamline (BMO02) of the European Synchrotron
(ESRF) using an X-Ray energy of 5.983 keV just below the Cr absorption edge in order to
enhance the contrast between the chromium and iron atoms (anomalous effect). The images
recorded on a 2D-CCD camera were corrected for electronic noise, spatial distortion, pixel
efficiency and background noise. The obtained signal being isotropic, we performed an
azimuthal average of the images, obtaining the integrated intensity over a range of scattering
vectors [3x102AL, 6x10°1 A1]. The intensity was normalized by measuring the transmission of
each specimen and of a glassy-carbon reference sample [79].

SANS samples were parallelepipeds 3 x 10 x 15 mm?3 for the different aging times up to 500 h
at 420°C, 2250 h at 400°C, 5000 h at 370°C and 6250 h at 290°C, 325°C and 350°C. The
experiments were conducted at the D11 beamline of the Institut Laue-Langevin (ILL) using
neutrons of wavelength of 4.6 A (above Bragg cut-off) and a saturating magnetic field of 1.6 T
applied to the samples. Two sample-to-detector distances of 1.6 m and 8 m were used. The
obtained images were corrected for pixel efficiency and background noise. The magnetic
contrast was separated from the isotropic nuclear contrast using a fit of the corrected
scattered intensity of the form sin?iy where v is the angle relative to the direction of the
magnetic field vector [80]. The two obtained scattered intensities originating from the
scattering by the nuclei of the atoms and by their magnetic moment covered a g range of
[1.6x102A1, 4.5x10' L AY]. The intensity was normalized by measuring the transmission of each
specimen and the intensity of the direct beam through calibrated filters.

The TEM samples used for phase and orientation mapping were prepared from 0.3 mm thick
sheets thinned down to 80 um by mechanical polishing for the as-received condition and after
aging 5000 h at 400°C and 10000 h at 350°C. The thinned sheets were then cut into 3 mm
diameter disks and electropolished using a double jet TenuPol 5 apparatus with a mixture of
10% perchloric acid, 20% 2-butoxyethanol and ethanol at 2°C under 14 V voltage. The
experiments were conducted on a Jeol 3010 instrument coupled with a PED technique using
the ASTAR package, providing crystallographic orientation and phase maps with a step size of
15 nm of a selected area of the sample [81,82].

The XRD experiments were conducted on a PANalytical X’PERT MPD instrument equipped with
a 1D detector and a cobalt source (wavelength 1.789 A). The diffracted intensity was recorded
over a 20 range [45°, 130°] containing the {110}, {200}, {211} and {220} peaks of the
martensitic matrix and the {111}, {200}, {220}, {311} and {222} peaks of the austenite. The
austenite’s volume fraction for the different tested aging conditions was calculated using a
Rietveld analysis of the data, using the Fullprof software. The samples used for the XRD
experiments were polished with a colloidal alumina dispersion (0.04 um) to minimize the
depth of surface work-hardening thereby increasing the separation of the {110} martensite
and {111} austenite peaks.



Hardness measurements were carried out on a Tukon 1102 Wilson Hardness tester with a
Vickers indenter, using a 1 kgf load and a 10 s dwell time. The value for each aging condition
is the average of 60 measurements on the same sample. The samples used for the hardness
measurements were polished in the same way as for X-ray diffraction.

3. Results
3.1. Austenite

Figure 1 shows phase maps obtained in the TEM, in the as-received condition and two aged
conditions (10000h at 350°C and 5000h at 400°C). The corresponding orientation maps can be
found in the supplementary material. These phase maps show little evolution of the
localization of the austenite islands that were present in the as-received condition. In addition
to a tendency to become more equiaxed, these zones are systematically found at
crystallographic interfaces, either prior austenite grain boundaries or martensite lath
boundaries.

Bl Martensite Austenite Niobium carbide

Figure 1: Phase maps showing the localization and aspect of the austenite islands (in green) for three conditions: a) as received, b)
10000h@350°C and c) 5000h@400°C. The grey scale in the images’ background indicates the reliability of the PED indexation (white =
good, black = poor).
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Figure 2: Evolution of the austenite’s volume fraction during aging

(semi-log) at six different temperatures ranging from 290°C to 420°C
measured by XRD.

Figure 2 represents the austenite’s volume fraction measured by XRD for the various tested
aging conditions. Irrespective of the aging time, the fraction is measured at 1 + 0.5%, showing
no significant evolution even for the longest investigated aging times.

3.2. Copper precipitates
Precipitate composition

Figure 3 shows the distribution of Cu atoms and 10 at% isosurfaces in APT reconstructions of
the as-received material and the material aged 15000h at 350°C. Qualitatively, aging does not
result in a drastic change of the copper precipitates distribution.

Proxigrams have been calculated on the 10 at% isosurfaces defining the precipitates. These
are represented in Figure 4. We have already shown in our previous work [83] that the copper
precipitates ensuring the hardening of this 15-5PH steel have a core-shell structure composed
of a copper-rich core and a shell rich in nickel, manganese and silicon, which according to
literature is reducing the interface energy of the copper precipitates [84—86]. The Cu profiles
of the two proxigrams (as-received and aged) are remarkably similar, except for the
measurement points at the deepest core (most negative x-values), which represent only the
composition of the very few largest precipitates in the measured volume. The Cu content in
the precipitate core is larger than 80% and decreases progressively to reach the matrix value
close to the interface.



Figure 3: APT reconstructions of the as-received (left) and aged
15000h@350°C (right) where are displayed 10at% Cu
isoconcentration surfaces (Cu precipitates) together with 25% of the
total Cu atoms.
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Figure 4: a) Comparison of the proxigrams computed on surfaces of
10at% copper isoconcentration for the as-received and aged
15000h@350°C material. The insert b) shows the evolution of the
maximum concentration of nickel, manganese and silicon measured
in the copper precipitates shells during the aging at 350°C.

However, the precipitate shells undergo a significant enrichment in Ni, Mn and Si during aging
at 350°C. The local maximum of the composition of these three elements in the shell is plotted
vs. aging time at 350°C in the inset of Figure 4, showing a clear increase of the Ni content, and
to a smaller extent of the Mn and Si content at the Cu precipitates interface.

Matrix composition and precipitate volume fraction

The Cu composition of the matrix C,, was measured using the first nearest neighbor
distribution (INND) of Cu atoms analyzed according to the DIAM method proposed by
De Geuser and Lefebvre [87]. From the measurement of the matrix composition, assuming an
equal atomic volume of the matrix and the precipitates, a mass balance on the Cu atoms
makes it possible to determine the volume fraction f,, of the Cu precipitates:

Co— Cpy (1)

fv:Cp_Cm

Where C, is the average Cu composition of the alloy and C, is the Cu composition in the
precipitates. As we have seen above, the Cu composition in the precipitates can be assumed
to be constant during aging, so we used a unique value for C,, which we calculate by
integrating the Cu composition from the precipitate core to the inflection point of the Cu
concentration gradient close to the precipitates interface, corresponding to about 40 at%, for
the proxigram obtained on the largest analyzed volume. We obtained for C, 59 at% and we
used for C, the nominal composition of 2.61 at%. While the choice of these two values is
arguable and may affect the absolute values of volume fraction, we do not expect them to
affect the obtained trends and magnitudes.

Figure 5 presents the evolution of the Cu precipitates’ volume fraction and the Cu matrix
composition during aging at 350°C. This data shows that the matrix concentration is constant,
and that consequently the volume fraction is constant at 3.9 + 0.1%, even for durations as long
as 15000 h.
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Figure 5: Evolution of the copper matrix concentration (blue
crosses) and of copper precipitates’ volume fraction (red circles)
during the aging at 350°C.

Precipitate size

The mean radius of the precipitates and the corresponding integrated intensity of the copper
precipitates were measured from the small-angle scattering (SAS) data as explained in our
previous work [83].

The evolution of the mean radius of the precipitates can be determined using three sets of
data: SAXS data where the contrast originates from fluctuations in electron density, nuclear
SANS data where the contrast originates from fluctuations in nuclear scattering length density,
and magnetic SANS data where the contrast originates from fluctuations in magnetic moment.
The absolute values of the mean radii determined by these three methods appeared to be
slightly different. These discrepancies can be attributed to the presence of the shell around
the copper precipitates.

The shell is enriched in Ni and Mn, which have a different neutron scattering length from that
of Cu and from that of the matrix, 10.3 fm, -3.73 fm, 7.72 fm and 9 fm respectively [88]. Thus
the shell constitutes a distinct entity for SANS from the viewpoint of the nuclear contrast.
Therefore, the interpretation of this dataset would require a more elaborated model for the
description of the intensity scattered by the copper precipitates such as the one proposed by
Mathon et al. [89].

In the case of X-rays, the shell has a mean electron density close to that of the matrix, 23.0
electrons/atom and 23.4 electrons/atom respectively. Thus, we can consider that for X-rays,
we have pure Cu precipitates embedded in a 0.8Fe-0.15Cr-0.05Ni matrix.

In the case of SANS with magnetic contrast, if we assume that the shell is non-ferromagnetic
or only weakly ferromagnetic, the scattering domains are composed of the core of the
precipitates plus at least a part of their shell and so they should appear slightly larger than in
the case of X-rays where the intensity scattered by copper precipitates corresponds only to
the precipitates cores. Considering this, the X-ray data seems more reliable for the
characterization of the size of copper precipitates. However, for the long aging times, the
relatively intense signal scattered by the Fe-Cr unmixing is significantly overlapping with the
signal originating from the copper precipitates. Thus, we will only present here the



characterization of the copper precipitates evolution obtained using the neutrons’ magnetic
contrast, whose values are shown in Figure 6. No significant evolution of the precipitates
radius was found at any aging time and temperature, confirming the local observations made
in the APT data sets for a few aging conditions.

The interpretation of the integrated SAS intensity that classically leads to the determination
of volume fraction of precipitates [90,91] will not be directly commented here, due to the
complex evolution of the precipitate shell and to the appearance of the G phase during aging
(see next section), which prevent a simple interpretation and would not provide additional
information from that of the volume fraction determined from APT measurements.
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Figure 6: Evolution of copper precipitates mean radius for the aging
at six different temperatures ranging from 290°C to 420°C.



3.3. G phase

Composition and spatial distribution of Ni, Si and Mn-rich
precipitates

Figure 7 shows 15 nm thick slices of APT reconstructions with the same 10 at%Cu isosurfaces
to represent the Cu precipitates, and Si atoms represented in blue, for different aging times
at 350°C and one aging time at 400°C.
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Figure 7: Evolution of the silicon atoms (blue points) spatial distribution during aging. lllustration of the silicon rich precipitation on the
copper precipitates (red surfaces) and later in the matrix.

These datasets show that Si-rich precipitates appear during aging at 350°C. At first, they form
at the copper precipitates interfaces, as can be observed first on the 1000 h at 350°C dataset.
This precipitation continues to nucleate and grow at the copper precipitates interfaces. At
longer aging times, however, one can additionally observe nucleation of Si-rich precipitates
within the matrix in-between the copper precipitates. These tiny particles dispersed within
the martensitic matrix seem to appear around 10000 h and one can very clearly see them after
12500 h.

In addition to their location (at the interface of the Cu precipitates or homogeneously
dispersed), these precipitates also differ in size and composition. Using the proxigram tool for
APT analysis, we measured the compositions of these two kinds of Si-rich phases in the dataset
obtained after 15000 h aging at 350°C. The results are presented in Table 2. One can observe
from these measurements that the large precipitates, nucleated on the Ni, Mn and Si-rich shell
of the Cu precipitates, have a composition corresponding to the reported G-phase
stoichiometry MneSizNiis [92,93,29,30,32]. Although we lack a structural characterization of



these particles, it is highly likely that they correspond to G-phase. On the other hand, the
smaller precipitates homogeneously distributed within the matrix have a very different
composition. They contain high proportions of the matrix elements Fe and Cr, they present a
Ni/Mn ratio slightly higher but close to that of the G-phase stoichiometry, but their Ni/Si ratio
of 5.0 is significantly higher than that of MneSizNiis, namely 2.3.

Ni Si Mn Fe Cu Cr

Large precipitate
(heterogeneous precipitation)
Small precipitates
(homogeneous precipitation)
Table 2: Measured concentrations (APT) of the G-phase precipitates in the material aged 15000h at 350°C. The first line

corresponds to one large precipitate heterogeneously nucleated on a copper precipitate and the second line to ten small
precipitates homogeneously nucleated in the matrix.

52%at | 24%at | 19%at 4%at 1%at 0%at

25%at 5%at 8%at 52%at 2%at 8%at

Estimated volume fraction from SANS

The characterization of the G-phase precipitates volume fraction is non-trivial via SAS
techniques. Firstly, since these precipitates have a similar size as compared to the copper
precipitates, they give rise to scattered intensity in the same g-range. Secondly, the electron
density contrast of the G-phase precipitates, with the surrounding matrix is very weak,
preventing its characterization by SAXS.

For the magnetic SANS data interpretation, we assumed that the G-phase is paramagnetic.
This hypothesis seems reasonable at least for the large precipitates with a low Cr and Fe
content. It is further supported by the fact that the magnetic SANS integrated intensity
increases with aging time while APT measurements showed that the volume fraction of Cu
precipitates is constant during aging. This indicates that non-magnetic precipitates, which are
not Cu-rich precipitates but with a similar size, appear progressively during aging. According
to our APT observations these have to be the G-phase precipitates. So, to convert the
magnetic SANS integrated intensity into the volume fraction of G-phase precipitates, we
supposed that Cu-rich and G-phase precipitates have the same neutrons’ magnetic contrast
with the surrounding matrix considered as a Fe-0.15Cr mixture. According to Aldred [94], such
a Fe-Cr mixture presents a bulk magnetic moment of 1.837ug while the magnetic moment of
the precipitates is zero, leading to a neutrons’ magnetic contrast of 1.75 X 1021cm™*. Based
on the hypothesis of a constant Cu-rich precipitates’ volume fraction, the G-phase
precipitates’ volume fraction can be estimated by subtracting for each aging condition the
integrated intensity measured in the as-received sample that corresponds to the copper
precipitates only. Using this methodology, the evolution of the estimated G-phase volume
fraction during aging between 290°C and 420°C is displayed in Figure 8.

Since this estimation of G-phase volume fraction is indirect, we verified that the obtained
estimates are realistic values. In order to do so, we computed the maximum volume fraction
that could be achieved in the studied alloy. Considering the material nominal composition in
Table 1 and the G-phase stoichiometry, Si is the limiting reactant of the G-phase precipitation,
allowing to write the mass balance:

Cégi = szziotfv + Crfli(l - fv) = Cpszijtfv (2)
Where f, is the G-phase volume fraction, cst, lef,t and C;fli are the Si contents in the alloy,

precipitates and matrix respectively. Once again we assumed here the atomic volumes of
matrix and precipitates to be equal. Furthermore, we made the 2 following hypotheses:



- the lattice parameter of the cubic unit cell of G-phase, which contains 116 atomes, is
four times the one of the body centered cubic martensitic matrix [24],
- the Si content C§' is equal to the nominal Si content in the alloy.

the maximum G-phase volume fraction based on these hypotheses is about 3.4%, which is
indeed larger but of the same order of magnitude than all measurements from SANS data
(maximum of 2.5%).
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Figure 8: Evolution kinetics (semi-log) of G-phase volume fraction
indirectly determined using SANS data (magnetic contrast).

3.4. Fe-Cr unmixing

We studied the evolution of the Fe-Cr unmixing of the matrix using SAS techniques and APT.
Among the different acquired SAS signals, we will only present in this section the SAXS results.
Indeed, the X-ray contrast is the one allowing the best separation between the intensities
scattered by the precipitates (Cu-rich and G-phase) and the Fe-Cr unmixing. APT results have
already been presented in a previous study [95] and compared to SAXS results, showing a
good agreement. They will not be presented again.

To describe Fe-Cr unmixing we used a three parameters model of the autocorrelation function
of the Cr atoms distribution y(r) introduced in our former work [95] that can be translated in
a small-angle scattering signal fitted on the experimental data:

2

A 2nr r
y(r) = K7 cos (T) exp (— E) (3)
In equation (3), K is a constant related to the X-ray contrast and the three parameters of the
model are the mean amplitude 4, the mean wavelength A and the correlation length ¢ of the
Cr composition fluctuations within the material. As discussed in our previous article [95], the
parameter &, which characterizes the width of the Cr composition fluctuations, has a
predominant influence on SAXS signal (via the shape of the autocorrelation function) over that
of the mean wavelength A. Thus, in the following, we will only present and discuss the
evolution of the Cr composition fluctuations amplitude and correlation length measured in
SAXS. The raw SAXS data along with the fit of the model by equation (3) can be found in the
supplementary material.



The two graphs on Figure 9 present the evolution during aging kinetics of the amplitude and
correlation length obtained for the six studied temperatures. As expected, both parameters
increase with aging time and the kinetics accelerates with increasing aging temperature. An
interesting point to notice is that both parameters have non-zero values in the unaged
condition, meaning that all Cr atoms are not in homogenized solid solution in this condition.
A possible explanation for this non-zero amplitude and correlation length, based on our
microstructure observations, will be discussed below. Alongside with the data points, we draw
on these graphs a fit for each aging temperature that is a power law of aging time.

Considering the two graphs in Figure 9, one can immediately observe that the amplitude
increases more rapidly than the correlation length, especially for the lowest aging
temperatures. Also, the effect of aging temperature seems more important on correlation
length, going from almost no evolution for aging at 290°C to a rapid increase at 420°C, whereas
the acceleration of amplitude increase is less marked for the same aging temperature interval.
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3.5. Material hardness

The effect of aging on the mechanical properties has been monitored by measuring the Vickers
microhardness evolution at the six aging temperatures. The obtained results are gathered in



Figure 10 together with the as-received microhardness. As expected, one observes a rapid and
significant increase of hardness with aging time even for the lowest aging temperature. In
addition, the microhardness increase is accelerating for increasing aging temperature.
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Figure 10: Vickers microhardness evolution kinetics (semi-log) at six
different aging temperatures ranging from 290°C to 420°C
compared to the microhardness in the as-received state (in black).

4. Discussion
4.1. Minor evolution of austenite and copper precipitates

Firstly, one can conclude from the data presented in Figure 1 and Figure 2 that during aging at
any studied temperature the only significant evolution of the austenite is a slight change in its
aspect ratio toward more equiaxed austenite islands. These islands remain located at the
crystallographic interfaces and keep a constant volume fraction of 1 + 0.5%.

Secondly, the results obtained on the Cu-rich precipitates show that they also undergo only a
slight evolution during aging. SAS results (Figure 6) show that no significant evolution of the
Cu precipitates size is observed, their mean radius remaining almost constant around 3 nm. In
addition, APT results (Figure 5) show that no significant evolution of the Cu matrix
concentration and precipitates volume fraction is observed either, the latter remaining
constant slightly below 4% during the aging at 350°C. These two conclusions may also be
visualized on the two APT datasets presented in Figure 3 where it can be seen that Cu
precipitates seem not to exhibit major differences in size and spatial distribution between the
as-received material and the one aged 15000 h at 350°C. Finally, based on the APT proxigrams
presented in Figure 4, it seems that the only significant evolution of the Cu-rich precipitates
during aging at 350°C is an increase in the Ni, Mn and Si content of their shell, the core
composition remaining constant. To understand this observed increase, one has to consider
the observations made on the APT results presented in Figure 7 showing the rapid
precipitation of Si-rich precipitates directly on Cu-rich precipitates. Since the proxigram
analysis is averaging the composition profiles measured all around the precipitate(s)
considered for calculation, the observed increase might simply be due to the nucleation and
growth of these Si-rich precipitates that also present high Ni and Mn contents, as reported in
Table 2.



4.2. Heterogeneous and homogeneous G phase precipitation

As mentioned in section 3.3, the high similarity between the measured composition of the Si-
enrichments around the Cu precipitates and the stoichiometry of the G phase tends to indicate
that G phase precipitates nucleate in a heterogeneous manner on the shell of the Cu
precipitates. This kind of heterogeneous nucleation of G phase on a Ni and/or Mn rich shell of
Cu precipitates has already been observed in other stainless steels [5,13—-15] and
heterogeneous nucleation on dislocations has also been reported [22,23]. The heterogeneous
nucleation of G-phase on the Cu precipitates may be explained by the presence of the Ni, Mn
and Si rich shells around these. These 3 elements are the constituents of the G-phase and their
relatively high concentration in the vicinity of the Cu precipitates leads to the rapid formation
of stable nuclei of G-phase. In addition, Ni and Mn segregation around the Cu-rich precipitates
in stainless steels has been observed and explained by a decrease of the precipitate/matrix
interface energy due to Ni and Mn [96,85,84,86]. Yeli et al. recently developed an interesting
theory about the role of Nb in the precipitation sequence of G-phase like precipitates in 17-
4PH [14], but, unfortunately, we were not able to see any correlation between Nb distribution
and Cu or G-phase precipitation in our study. This may be because of the lower Nb content
detected in our APT data sets, less than 0.03%at in average, making Nb segregations more
difficult to observe.

As reported in section 3.3, the homogeneous Ni, Mn and Si rich clusters that appear later
during aging, after approximately 10000 h at 350°C, have a different composition from that of
the large particles nucleated on the Cu precipitates. Especially, they still contain a large
amount of matrix elements, namely Fe and Cr, although this might be an APT artifact [97,98].
Nonetheless, even if we leave this high concentration in matrix elements aside, we can still
notice that the Ni/Si ratio is almost twice the ratio measured in the larger precipitates (Table
2). The Ni/Si, Ni/Mn and global cluster composition measured here is compatible with the
values reported in the recent study from Matsukawa et al. for G-phase clusters (less than 3nm)
nucleating in the ferrite phase of duplex stainless steel during aging at 400°C [22]. According
to this study, one can suppose that these clusters have not yet the G-phase structure since
Matsukawa claims that the clusters have to reach a composition close to Ni16Siz.s(Fe,Cr)3zsMne
to go through the structural transformation leading to the cF116 G-phase crystallographic
structure with a lattice parameter being four times that of bcc ferrite [22]. These clusters may
then be considered as precursors of the G-phase.

A theory for the nucleation of these G-phase precursors has been proposed by Mateo et al.
[24]. These authors proposed that the local enrichments in Ni, Mn and Si leading to nucleation
of G-phase precursors are caused by the Fe-Cr unmixing. Indeed, during the Fe-rich and Cr-
rich zones formation, Ni and Mn atoms are rejected from the Cr-rich zones and Si atoms are
rejected from the Fe-rich zones meeting at the interdomains. This mechanism would explain
the correlation between G-phase precipitation and Fe-Cr unmixing evolutions that has been
observed many times in aging of stainless steels [32,34,35,39,40,52,99].

This co-evolution of G-phase precipitation and Fe-Cr unmixing makes it difficult to separate
the role of G-phase on the mechanical properties evolution of stainless steels during aging. In
some research works the effect of G-phase on mechanical properties is reported as negligible
compared to the one of Fe-Cr unmixing, considered as the main responsible for properties
change [5,28,33] and in others, it is claimed that G-phase had an important role in the material
hardening [34,35]. Although, a very recent work by Badyka et al. seems to prove that in many
cases G-phase may play an important role in the material hardening during aging [12]. But the



respective part of each mechanism in the properties evolution depends on the material under
study and the aging conditions. In our study, we did not intend to separate the contributions
of G-phase and Fe-Cr unmixing and we will show in the following that one can establish a
direct correlation between the Fe-Cr unmixing characteristics and the materials hardness
evolutions, keeping in mind that this correlation does not rule out an effect of the G-phase on
hardening.

4.3. Kinetics of Fe-Cr unmixing and correlation with hardness

As stated previously, we were able to successfully describe the Cr composition fluctuations’
amplitude and correlation length with empirical power laws of the aging time for each aging
temperature as one can see on the two graphs presented in Figure 9. This model for the Fe-Cr
unmixing characteristics evolution has the form:

P =Py + (kp(T).t)er (4)

Where P is the considered Fe-Cr unmixing parameter (amplitude or correlation length), P, is
the value of this parameter in the unaged state, t is the aging time. For both the amplitude
and the correlation length, a single time exponent ap can be found to describe the six
measured kinetics, namely 0.31 and 0.56 for amplitude and correlation length respectively.

For both characteristics, it was found that the power-law pre-factor kp can be described as an
Arrhenius function of aging temperature T leading to the determination of an activation
energy for each Fe-Cr unmixing characteristics evolution: 126kJ.mol? for amplitude and
269kJ.mol* for correlation length (see supplementary material for the Arrhenius plots). The
activation energy value found for the Cr composition fluctuations’ correlation length agrees
with the activation energy of Cr diffusion in ferrite, which lies around 240kJ.mol* [100-102].
This is also the order of magnitude of the activation energy usually associated with Fe-Cr
unmixing in the literature since this phenomenon is usually controlled by Cr diffusion in ferrite
[8,12,41,65,103—-106]. Conversely, the value obtained in our study for the Cr composition
fluctuations’ amplitude evolution may appear surprisingly low. One major difference between
our study and the previous works where activation energy values have been determined is the
nominal Cr concentration of the material under study. Indeed, the 15-5PH has a rather low Cr
content compared to binary alloys or ferrite of duplex steels, which are usually used for the
Fe-Cr unmixing studies. Thus, our hypothesis to explain the low activation energy measured
for the amplitude evolution is that it is not controlled by Cr diffusion alone but also by the
unmixing driving force. Considering the rather low Cr content of 15-5PH steel and the studied
aging temperature interval, this driving force must be quite low and highly temperature-
dependent, leading to an apparent decrease of the activation energy for amplitude evolution.

The existence of a single value of activation energy Q over the whole studied aging

temperature interval for each Fe-Cr unmixing characteristics allows the use of a simplified

representation of the results: an equivalent aging time. This equivalent aging time teqT at
eq

an arbitrary chosen equivalent aging temperature T, can be expressed as follows:

teq,, = t-exp <— g =) T)>

5
R.T.T,, G

Where t is the aging time at an aging temperature T and R is the gas constant. We used this
with the two reported activation energies determined for amplitude and correlation length
evolutions at an equivalent aging temperature of 350°C to draw the two graphs presented in



Figure 11. On these two graphs, one can notice that all the measured amplitudes (Figure 11
top graph) and correlation lengths (Figure 11 bottom graph) are gathered along a master
curve, which equation is of the form of equation (4), where kp is now a constant, since we
consider a single equivalent aging temperature.
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The values of the time exponent ap obtained by fitting the data in the equivalent time
representation are 0.31 for the amplitude and 0.56 for the correlation length. One can find in
the literature many descriptions of Fe-Cr unmixing evolution using a power law of the aging
time and thus many different values of the time exponent [39,52—72]. Among these studies,
there are both experimental and modeling works but most of them are concerned with the
description of the characteristic size of the Fe-Cr unmixing, which in our work is the correlation
length of the Cr composition fluctuations, and only a few of them consider the amplitude
evolution. All the reported time exponents are in a wide interval, [0.07 — 0.35]. One can notice
that the time exponents determined in the present work are close to the upper limit of this
interval in the case of amplitude kinetics and above this upper limit in the case of the
correlation length kinetics. This may indicate that the mechanism of the observed Fe-Cr
unmixing is closer to the nucleation and growth than to the spinodal decomposition one, since
a vast majority of the time exponent values collected in the literature were obtained for the
spinodal decomposition mechanism. But this may also be due to the different model that we
used to describe the characteristics evolutions. Indeed, although the works from literature



consider only a power-law of aging time, we did consider a power-law added to a constant
since we measured non-zero values for both amplitude and correlation length in the initial
state of the material under study.

The origin of these non-zero values of amplitude and correlation length determined for the
unaged condition, 0.11 and 0.44nm respectively, also needs to be discussed. Pettersson et al.
also reported that some Cr segregations can already be seen in the unaged condition in the
ferrite of a duplex stainless steel [11]. In addition, we already showed and discussed this non-
random distribution of Cr within the material in the as-received state in our previous work
[7,95]. An early-stage Fe-Cr unmixing is already present in this state together with some Cr
segregation on the dislocations according to our APT observations, which explains the non-
zero values measured in SAXS for amplitude and correlation length.
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Figure 12: Linear correlation between amplitude of Cr fluctuations
and Vickers microhardness increment over aging at all temperatures
in the range 290°C - 420°C.

The same approach has been used to analyze the 15-5PH microhardness evolution during
aging. We then found the activation energy associated with this mechanical property
evolution, which is around 106k).mol. This value is again much lower than that of Cr diffusion
in ferrite but is quite close to the one determined for the Cr composition fluctuations’
amplitude. Then, if we compare the evolutions of these two characteristics by plotting one
versus the other (Figure 12), one can notice that, for the studied aging conditions in the 15-
5PH, there exists a linear correlation between the Cr composition fluctuations’ amplitude A
and the microhardness increase AHV of the material that obeys the phenomenological model:

AHV =564 A — 63.5 (6)

Such a linear dependence between hardness and Cr composition fluctuations’ amplitude has
already been reported in the literature [11,104]. It seems quite clear now that this amplitude
determines the Fe-Cr unmixing obstacle force to the dislocations propagation, via the lattice
parameter and elastic moduli changes between the Fe rich zones and the Cr rich zones
according to Pettersson et al. and Kato [11,107]. The interesting point from our study is that
this linear correlation exists, while the correlation length follows a different evolution with
aging time and temperature. This implies that in the range of conditions explored here, the
correlation length does not influence significantly the hardness value. This is interesting in



regard to the previous studies of the Fe-Cr unmixing kinetics focusing mostly on length scale
rather than amplitude.

5. Conclusions

We have investigated with a combination of advanced experimental techniques the
microstructural changes in a precipitation-hardened martensitic stainless steel 15-5PH during
long term aging at medium temperatures (290°C — 420°C). The main results can be
summarized as follows:

- There are only slight changes in the morphology of retained/reverted austenite and no
significant evolution of its volume fraction (around 1%).

- There are no significant changes in the Cu-rich strengthening precipitates, neither in
term of size, volume fraction nor composition.

- Precipitates rich in Ni, Mn and Si appear during aging in two ways. Precipitates of a few
nanometers heterogeneously nucleate quite early during aging (less than 1000 h at
350°C) at the Cu precipitates / matrix interfaces. According to their composition and
the existing literature, these are believed to be G-phase precipitates. For longer aging
times (around 10000 h at 350°C) clusters homogeneously appear within the matrix.
They are believed to form together with the progression of the matrix Fe-Cr unmixing
at Fe-rich and Cr-rich interdomains and to be precursors of G-phase precipitates.

- During aging, the Fe-Cr solid solution progressively undergoes an unmixing process.

We focused on the description of this last microstructural evolution as it is believed to be the
main responsible for the mechanical properties change during aging. The Fe-Cr unmixing
evolution has been characterized by the evolution of the Cr composition fluctuations’
amplitude and characteristic length (correlation length of the fluctuations) within the matrix.

The kinetics of the evolution of these two characteristics has been measured and then
described by a unified phenomenological model based on a power law of aging time. An
activation energy has been determined for both amplitude and correlation length evolutions.
The activation energy for correlation length is close to that of Cr diffusion in ferrite (around
240-270 kl.mol1) but the one for amplitude is much lower (around 125 kJ.mol!). We propose
that this low value for amplitude is due to the low Cr content in 15-5PH, resulting in a strong
variation of unmixing driving force in the considered temperature range.

Finally, for the studied aging conditions, a linear correlation between the hardness and the Cr
composition fluctuations’ amplitude has been established that indirectly suggests a lack of
influence on hardness of the correlation length.
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Figure 13 : All SAXS data for the six different aging temperatures together with their corresponding model. The color
scale goes from dark blue for the smallest aging duration to dark red for the longest, unaged condition is displayed in
black (0h).
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Figure 14 : Arrhenius plots of the power laws pre-factors describing
the evolutions of the amplitude (top graph), the hardness increment
(middle graph) and the coherency length (bottom graph).
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Figure 15: Crystallographic orientations maps in three perpendicular directions x, y and z corresponding to the phases maps presented in
Figure 1 (three conditions: as received on the left hand-side, 10000h@350°C in the middle and 5000h@400°C on the right hand-side). Each
color corresponds to a crystallographic orientation according to the orientation triangle displayed on top left hand-side of this figure.



