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The effect of plastic deformation (cold rolling) on the thermal aging of a lean 2202 duplex stainless steel at
intermediate temperatures (280 °C-450 °C) was studied using a combination of atom probe tomography and
thermoelectric power measurements. In the undeformed condition, spinodal decomposition of ferrite was shown
to be the prime aging process with an activation energy of 206 kJ/mol. Plastic deformation enhanced the aging
and the austenite partly transformed into martensite. When no precipitation or phase transformation was observed

in austenite, both ferrite and martensite decomposed. The spinodal decomposition kinetics of ferrite increased
with increasing deformation rate. The FeCr-rich martensite also decomposed at 450 °C, via a nucleation and
growth process, owing to a decrease of the Cr content in the matrix. Chromium nitrides, G-Phase, and Cu-rich
precipitates were observed in the decomposed martensite.

1. Introduction

Lean duplex stainless steels (DSSs) were developed in the late 1990s
to have a cheaper option of materials with similar mechanical corro-
sion properties to counterpart standard austenitic stainless steels (such
as AISI 304 or 316) [1,2]. So, lean grades can often replace common 30x
grades of the austenitic stainless steel family while the higher-alloyed
standard grade of duplex stainless steel, namely 2205, was designed to
replace grade 316 austenitic stainless steel. They contain lower Ni, Mo,
and Cr contents than the 2205 standard DSS but higher Mn and N con-
tents to maintain a ferrite/austenite ratio close to one.

The ferritic phase in lean DSSs contains approximately 24 at% Cr
[3] and undergoes ferrite decomposition for aging temperatures be-
tween room temperature (RT) and 500 °C [4]. This well-documented
phenomenon [5-10] is responsible for the embrittlement observed in
aged Fe—Cr and stainless steels that contain ferrite and martensite in this
temperature range . The initially homogeneous ferrite! decomposes into
iron-rich alpha («) and chromium-rich alpha prime (a’) domains at the
nanometric scale. Two mechanisms for this phase separation are pos-
sible: a continuous mechanism (spinodal decomposition) or a discrete
mechanism (nucleation and growth, of «’ precipitates) [11]. To discrim-
inate between these mechanisms, the time evolution of the Cr content
wavelength and amplitude must be tracked as a function of time in the
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early stages, with spinodal decomposition showing %5020 behavior
and nucleation and growth showing %33 behavior. However, from a
microstructural viewpoint, for most Cr contents, the spinodal decom-
position leads to an interconnected (or sponge-like) structure, forming
a continuous network of a’ zones whose Cr content increases with ag-
ing time until reaching the equilibrium composition predicted by the
phase diagram. The nucleation and growth mechanism occurs through
the development of isolated particles of the same o’ phase, which is
theoretically predicted to reach the equilibrium composition from the
beginning. These morphological differences are commonly used to dis-
criminate between the SD and NG mechanisms. However, even for low
Cr content, de-percolation of the a’ network can occur, and the morphol-
ogy of the spinodally decomposed domains can be visually very similar
to that formed by the NG mechanism. For 2205 and 2003 DSSs, a spin-
odal mechanism was reported for temperatures ranging from 250 °C to
450 °C [4,12,13].

The decomposition rate in Fe-Cr alloys is well documented [5-
7,9,10] and is affected by both the aging temperature and alloy compo-
sition. Applied elastic stress is also known to affect the decomposition
mechanism [14]. Phase-field simulation has shown that the morphology
of the decomposed phases is dependent on the load direction relative to
the crystal direction [15]. Indeed, under applied stress, the «’ domains
tend to align along elastic soft directions; therefore, the morphology of
the decomposed structure is greatly affected by the amount of stress
and the strain orientation. Recent atom probe tomography (APT) ex-
periments revealed an increase in the kinetics of phase separation with
applied load in a 15-5 PH martensitic stainless steel aged at 450 °C
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Table 1
Chemical composition of the studied duplex stainless steel.

Fe C Cr Ni Mn Mo N
wt Bal. <0.03 22-23.8 2-2.8 <2 <0.45 0.16-0.26
at% Bal. <0.11 23-25 1.8-2.6 <2 <0.26 0.63-1.01

[16]. In that case, the phase separation occurred via a NG mechanism.
Moreover, the decomposition kinetics appeared to be affected by the ori-
entation of the load relative to the crystal orientation; however, no clear
orientation or elongation of the Cr-rich precipitates was observed. Zhou
et al. also reported an effect of strain on the phase separation kinetics
in DSS welds [17].

The phase separation observed in the Fe—Cr system leads to a signifi-
cant loss of ductility and increase in hardness and yield strength, result-
ing in embrittlement of the steel [18-21]. It is thus essential to charac-
terize the decomposition kinetics of the ferrite to predict the evolution of
the material properties under service conditions. The phase separation
in DSSs has been shown to be faster than that in Fe-Cr binary systems
of the same Cr content [6] and therefore requires systematic character-
ization [9]. In particular, the effect of the deformation on the decom-
position kinetics is not yet well documented for DSSs steels. Moreover,
it is well known that in DSS steels, austenite transforms into martensite
upon deformation [22]. This martensite contains around 15 wt% of Cr
and is also prone to phase separation.

The aim of this paper is to study the effect of plastic deformation
on the phase separation kinetics of ferrite in lean DSSs at intermediate
temperature. First, the phase separation kinetics of a 2202 commercial
alloy was followed using a global technique; thermoelectric power (TEP)
measurements. Indeed, this global measurement technique is very sen-
sitive to microstructural evolution in metallic material [23-25] and can
be used to determine the activation energies responsible for demixion
[4,26]. As this method requires data from three different temperatures,
and in order to cover the temperature range for which phase separation
was observed, the samples were aged at 280 °C, 350 °C and 480 °C. The
phase separation products were then characterized using APT.

Secondly, the same alloy was then cold rolled to different deforma-
tion levels (0, 30% and 50%) and subsequently aged at 450 °C. Large
differences in deformation levels and a high temperature were chosen
in order to maximize the phase separation phenomenon for a limited
ageing time. The kinetics of phase separation was also followed by TEP,
and the decomposition products were characterized by APT. The effects
of plastic deformation on the a—a’ phase separation is discussed.

2. Material and methods
2.1. Material and thermal treatments

The as-received material was a 12-mm-thick hot-rolled sheet of
UR2202 (S32202 x 2XrNiN22-2) lean DSS. The composition of the steel
is shown in Table 1. The ferrite to austenite ratio of this commercial
alloy in the as-received state was close to 1.

2.2. Experimental procedure

To study the effect of plastic deformation on ferrite phase separation
kinetics, the as-received material was cold rolled along the prior trans-
verse direction (TD) of the plate, as illustrated in Fig. 1, to achieve thick-
ness reductions of 30% and 50%. The microstructure after deformation
was characterized by electron backscatter diffraction (EBSD) performed
using a Zeiss Supra 55VP FEG SEM operated at 15 kV and equipped
with an Oxford Instrument Symmetry EBSD camera using a step size of
0.5 um. Map sizes are around 300 x 200 um?. The post processing and
data treatment was performed using Channel5 software and ATEX soft-
ware [27]. A standard post processing was performed, with the removal

of all isolated pixels, and a correction up to four similar neighbors. The
samples were prepared by classical mechanical polishing (down to a
1-um diamond paste), followed by 20-min vibratory polishing using a
Buehler Mastermet2 colloidal suspension.

The aging kinetics of the studied steel was followed using TEP mea-
surements after aging at 280 °C, 350 °C, 450 °C, and 500 °C from 1 min
up to 1086 h in salt baths. The apparatus provides the TEP of the steel
relative to that of pure iron. The principle of the technique is described
in [28]. For each investigated temperature T, the TEP, denoted S, of a
sample of dimensions 60 x 3 x 1 mm?3 was measured before any heat
treatment (S(T,ty)) and after different aging times t (S(T,t)). The vari-
ation of TEP with time AS(T,t) = S(T,t) — S(T,t,) was then plotted for
the different aging temperatures. In the present case, the TEP variation
can be attributed to the alloying elements leaving the solid solution or
to the formation of precipitates (if they are small and coherent). All the
measurements were repeated for each time step.

The nature of the aging products was characterized using APT. Par-
allepipedic samples with dimensions of 0.3 x 0.3 x 20 mm? were cut
after grinding both initial ‘TD’ faces. The samples were subsequently
thinned using the standard two-stage electrolytic polishing process to
obtain sharp tips suitable for APT analysis [29]. The analyses were per-
formed using a LEAP® 4000HR in voltage mode at 50 K with a pulse-
to-standing-voltage ratio of 20%, a nominal pulse repetition rate of 200
kHz, and a detection rate of 0.5%. The data were analyzed using IVAS
3.8 software. The reconstruction parameters used in this study included
an image compression factor (m+1) of 1.6 and a k factor of 4.1. Mea-
surement of the compositions of the different phases relies on the iden-
tification of the mass peaks of mass spectra. As several overlaps occur
in the mass spectra of this complex alloy and may depend on the an-
alyzed phase, identification of the various peaks will be discussed in
detail (Section 3.4.1). Ferrite and austenite were primary identified in
aged samples from the presence or absence of fluctuations of the Cr con-
tent. Their identification was then confirmed by their respective Ni, N,
Mo, and Mn contents. As will be shown later (Section 3.4.3), the ob-
tained microstructure of the aged ferrite consisted of interconnected
o’ networks. Two independent parameters were used to characterize
the progress of the a—a’ decomposition in ferrite: frequency distribu-
tion analysis of the Cr content fluctuations and the associated variation
parameter (V) [4,7,16,29] and the characteristic wavelength of the mi-
crostructure formed, calculated using autocorrelation of presented con-
centration profiles [30]. The parameter V is introduced to investigate
the phase separation at the nanometer scale. This metric measures the
absolute area difference between the experimental frequency distribu-
tion of observed given Cr contents and the corresponding binomial dis-
tribution, representing the random distribution of this element. The V
parameter increases from O for a purely random solid solution up to
2 for extreme phase-separation cases. It should be noted that because
of statistical fluctuations, experimental and binomial distributions are
never identical but are considered similar when V remains smaller than
0.02-0.03.

3. Results
3.1. Microstructures before aging: effect of cold rolling

In the as-received state, the banded structure typically observed in
DSS sheets was present. Using a log normal fitting based on the surface
of the grains, the equivalent ferrite grain diameter was measured to be
45um, while the austenite mean diameter 12 um. Note that due to the
small size of the maps, the ferrite grain diameter is underestimated as
the larger grains are cut. After deformation, the bands elongated in the
rolling direction; thinner and longer bands were therefore clearly visi-
ble. During deformation, the austenite partly transformed into marten-
site [22,31,32]. As martensite usually consists of micrometric lathes and
as the defect density is high in this phase, a small step size and larger
acquisition times were required for satisfactory indexing of this phase.



Fig. 1. Rolling procedure. The sheet was rolled along the initial TD di-
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In the current case, a rather large step size was selected to map areas
large enough to visualize several grains; as a result, the martensite was
hardly indexed (Fig. 2).

However, a rough estimate of the different phase contents was made
by assuming that all the non-indexed zones correspond to the marten-
sitic phase. This very basic assumption cannot provide accurate values
but allowed for a rough estimate of the volume fraction of the different
phases, which could be used to interpret the TEP signal evolution pre-
sented later. An experimental ratio of 57/43 ferrite/austenite was deter-
mined. The martensite content in the 30% and 50% deformed samples
was approximately 5% and 30%, respectively. These values are consis-
tent with those observed in a LDX 2101 steel by Bassani et al., where
the martensite transformation started just after 20% thickness reduction
and 20% martensite was observed for 50% thickness reduction [31].

3.2. Evolution of TEP during aging

The evolution of the TEP (AS) as a function of time for the un-
deformed sample, measured during isothermal aging between 280 °C
and 500 °C, is presented in Fig. 3a. For all temperatures, the TEP in-
creased with time. This behavior was previously observed by Coste et al.
[33] and Massoud et al. [34] for low-temperature aging of as-cast Fe-Cr—
Ni DSS and was attributed to the spinodal decomposition of the ferritic
phase and the precipitation of intermetallic G-phase particles rich in Si
and Ni [33]. At 280 °C, the change of the TEP after 1000 h of aging was
only 0.12 pV/°C, which is extremely small. This result was expected as
the phase separation in Fe-Cr alloys is very slow at 300 °C, and no other
microstructural change is expected in this temperature range. At higher
temperatures, a similar evolution was observed at 350 °C and 400 °C,
with TEP increases of 0.58 and 1.4 uV/°C, respectively, after 1086 h of
aging. However, an important acceleration of the phase separation pro-

cold rolling on the microstructure. 0% corre-
sponds to the as received state, (ND and TD
stands for initial normal and transverse direc-
tions respectively). 30% deformation and 50%
deformation are the samples after 30% and
50% thickness reduction by cold rolling along
the initial TD. (a) Phase maps, Blue = fer-
rite, Red=Austenite, (b) Inverse Pole Figure to-
gether with Band Contrast maps of the ferrite
phase, (c) Inverse Pole Figure together with

111 Band Contrast maps of the austenitic phase.

101

cess between these temperatures was observed, as the same TEP value
was obtained after 1086 h of aging at 350 °C and 8 h of aging at 450 °C.

The acceleration of the TEP kinetics with aging temperature sug-
gests that the microstructural changes responsible for the TEP change
are diffusion-driven processes and thus thermally activated. The activa-
tion energy can be determined by performing a time-temperature equiv-
alence using the following formula:

N exp(%) =tp exp(R__—%), where Q is the activation energy and t;
and T; are the time and temperature of point i, respectively.

The equivalent time-temperature curves in Fig. 3b confirm the
same mechanism at 350 °C and 450 °C, with an activation energy of
Q=206 kJ/mol. This activation energy is similar to that proposed by
Maetz et al. [4] (Q=185 kJ/mol), which is attributed to the decomposi-
tion of ferrite.

3.3. Effect of cold rolling on TEP evolution during aging

To quantify the effect of deformation on the aging behavior of the
ferrite, aging at 450 °C was performed after cold rolling to 30% and 50%
deformation. This temperature was selected as it results in the highest
kinetics of phase separation, with the same phase transformation mech-
anism as that observed at lower temperatures. The evolution of TEP with
aging time at 450 °C for the undeformed and deformed samples is shown
in Fig. 4. Increased deformation resulted in a greater TEP increase with
aging time. For instance, the same TEP value attained after 1000 h of
aging in the undeformed sample was reached after 100 h in the sample
cold rolled to 30% deformation and after 3 h for the sample cold rolled
to 50% deformation.

This increase in TEP after cold rolling may have three different
sources. First, the decomposition kinetics of the ferrite could be en-
hanced by the higher stress state, as evidenced by [16,17], leading to
higher TEP values for a deformed sample than an undeformed one. Sec-
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ond, as martensite is formed during cold rolling by destabilization of
austenite, it will inherit the Cr content of the parent phase, which is
considered to be very similar to that of ferrite a priori (even if not fully
confirmed by APT analyses, as shown in Table 3). Similar to ferrite,
martensite is therefore likely to decompose during thermal aging. Thus,
for samples cold rolled to 30% and 50% thickness reduction, the propor-
tion of phases prone to decompose (body-centered cubic (BCC) ferrite
or martensite) increases, which automatically leads to a higher increase
in TEP. Finally, martensite, which should inherit the parent austenite
composition, contains higher interstitial (N and C) contents than ferrite.
Because of the low solubility of interstitials in BCC structures, this may
lead to additional precipitation phenomena, such as nitride or carbide
precipitation [35], in the investigated temperature range, affecting the
TEP values. To better describe the effect of deformation on phase sep-
aration kinetics, the aging products were characterized by APT for the
undeformed and cold-rolled conditions.

3.4. APT investigation of microstructural evolution

To correlate the TEP with the micro/nanostructural evolution, se-
lected samples were characterized using APT after 1086 h of aging at
350 °C and 450 °C for the undeformed sample and after 1086 h of aging
at 450 °C for the 50% deformed sample.

3.4.1. Phase composition

As aged ferrite (austenite) can be easily identified in undeformed
samples by the presence (absence) of Cr content fluctuations, it is
straightforward to identify both phases and correlate the phase nature
and mass spectra specificities. The situation differs after cold rolling to
50% thickness reduction and 1086 h of aging at 450 °C, with the ad-
ditional presence of martensite. Again, austenite was identified by the
absence of any Cr content fluctuations, and ferrite was identified by
the presence of a—a’ decomposition. Then, identification of martensite
was straightforward; as will be discussed later, martensite is associated
with the intense precipitation of chromium nitrides, with the presence of
some other additional phases that are not observed in undeformed fer-
rite or austenite. Typical mass spectra for both ferrite and austenite are
shown in Fig. 5, with a focus on the regions exhibiting clear differences.

The two main differences between the mass spectra of ferrite and
austenite are the absence/presence of C- and N-related peaks. This find-
ing is in good agreement with the ability of austenite to incorporate
larger amounts of interstitials than ferrite. Although C peaks are clearly
observed (at 6 and 12 Da for C monoatomic ions and 18 Da for C; molec-
ular ions), the situation is less trivial for nitrogen. The first obvious ev-
idence of the presence of nitrogen is the existence of MoN* molecular
ions in the range of 53-57 Da. This tendency of N to form molecular
ions with metal ions has been widely reported in the literature [36-38].
In this stainless steel, Mo, V, Cr, and Fe form such molecular ions. In
the remainder of this paper, nitrogen detected as molecular ions will
be reported as ‘combined N’. Nitrogen is also detected as monoatomic
ions at 14 Da; however, its quantification is difficult because this 14-Da
peak overlaps with that of the main Si isotope, 28Si%+. A thorough ex-
amination of the 14-Da peaks in Fig. 5 reveals their different shapes in
ferrite and austenite, with a larger tail observed for the latter. This tail
can be attributed to the presence of nitrogen, which is virtually absent
from ferrite. Because of the insufficient mass resolution of the instru-
ment used, it was not possible to discriminate between the contributions
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plotted using the IVAS background correction.

and thus obtain an accurate quantification of both species. However, a
semi-quantitative approach based on the use of the natural abundance of
the three Si isotopes leads to the conclusion that approximately 65% of
the 14-Da peak in austenite can be attributed to N. In the rest of the pa-
per, the contribution of the peaks at 14, 14.5, and 15 Da will be reported
as ‘Si+N’. For ferrite, because of the absence of N, this contribution is
purely Si, whereas for austenite, knowing the natural abundance of 28Si
(92.22%), the respective contributions of Si and N are estimated to be
approximately 40% and 60%, respectively. In aged martensite, Si and N
were also shown to be present in the 14-Da peak in the same proportions
as in austenite.

The compositions of the different phases, as derived from individ-
ual peak identification, are reported in Table 3. It should be noted that
analyses conducted in the cold-rolled condition led to smaller investi-
gated volumes (typically 5 x 10° ions per run) because of the brittleness
of the sample during APT experiments. The volumes for this state may
therefore suffer from lack of representativity compared with those in the
undeformed condition (typically 100 x 10° ions).

The compositions measured for ferrite and austenite in the unde-
formed condition are in good agreement with the nominal ones for the
2202 alloy specification (see Table 1). Unlike Cr, which does not parti-
tion between ferrite and austenite, all the other elements tend to parti-
tion to austenite (Ni, Mn, C, and N and to a lower extent V and Cu) or
ferrite (Mo and P). The low values of the standard deviations indicate
that both phases are quite homogeneous, at least in the undeformed con-
dition, where no differences were observed between the samples aged
at 350°C and 450 °C. In the deformed condition, the standard deviations
for the ferrite and austenite compositions were slightly higher, possibly
indicating that slightly larger compositional heterogeneities were gen-
erated by the cold-rolling process. The situation differed for martensite,
where the standard deviations were much larger than those in the other
phases. This is clearly due to the combination of large CrN precipitates
(at least several tens of nanometers) and the smaller volumes investi-
gated by APT (typically 40 x 40 x 100 nm?®). Indeed, the measured
compositions will be affected by one more or one less large CrN inter-

ception by the analyzed volumes. This is also the most likely explanation
for the relatively low Cr composition of martensite reported in Table 3.

Regarding Si, and due to the Si/N overlap at 14 Da, the composi-
tions displayed in Table 3 may be confusing. Indeed, it must be kept in
mind that for austenite and martensite only 40% of the ‘Si+N’ value is
Si. Table 4 displays the total estimated Si and N contents of austenite
and martensite when the contribution of the 14-Da peak is split into Si
and N according to the estimated 60% contribution of N to this peak.
With this correction, the Si content in austenite is reduced to 0.72 at%
compared to the 1.08 at% in ferrite, indicating that Si is clearly segre-
gated in the latter, as expected for an alpha-forming element. The total
nitrogen content is increased to approximately 1.6 at% in undeformed
austenite and up to 2 at% in martensite.

3.4.2. Nanostructure of austenite

The evolution of the austenite nanostructure with aging was inves-
tigated by APT in both the undeformed and deformed samples. For all
the conditions investigated, 3D reconstructions did not reveal any re-
distribution of the elements in austenite. This finding was confirmed
by the statistical analysis of the spatial distribution of the alloying ele-
ments. The reconstructed volumes were split into small sub-volumes of
approximately 1 nm3, and the distribution of the compositions of these
volumes was compared with the distribution simulating a random dis-
tribution, i.e., the binomial distribution. To illustrate this randomness,
both the experimental and binomial distributions are plotted for all the
investigated conditions in Fig. 6. The variation (V) was calculated for
all these conditions and was smaller than 0.03, which is usually inter-
preted as evidence of a random solid solution, with deviations from 0
being caused by statistical fluctuations.

3.4.3. Nanostructure of ferrite

In contrast to the observations for austenite, the distributions of Cr
atoms in the ferritic samples were no longer homogeneous for all inves-
tigated conditions, as shown in the 3D reconstructions. There is a clear
redistribution of chromium atoms at the nanometric scale into Cr-rich
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Fig. 7. (a—c) Spatial distribution of Cr atoms and (d-f) cor-
responding isosurfaces after aging for 1086 h at (a,d) 350 °C
and (b,e) 450 °C for the undeformed ferrite and (c,f) at 450 °C
after cold rolling. Each individual green dot represents a Cr
atom and each red dot represents a Cu atom. The isosurfaces
are plotted with a 25 at% Cr threshold; the blue (green) isosur-
face correspond to the inside (outside) of the Cr-rich domains,
with a 2 at% Cu threshold (red). The represented volumes are
40 x 40 x 40 nm?®.
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Fig. 8. Experimental and binomial composition frequency distributions and related variation values after aging for 1086 h at (a) 350 °C and (b) 450 °C for the

undeformed ferrite and (c) at 450 °C after cold rolling.

o’ and Fe-rich a« domains, as shown in Fig. 7. Fig. 7(a) and (b) shows the
3D distribution of Cr atoms in selected volumes of 40 x 40 x 40 nm?
in the undeformed samples. The redistribution of Cr atoms was visually
less obvious after aging at 350 °C than at 450 °C; therefore, frequency
distribution analyses were conducted to confirm the phase separation.

The results are presented in Fig.8 (a) and (b). For both temperatures,
the corresponding experimental composition frequency distributions de-
viate significantly from the random distribution, represented by the bi-
nomial distribution. The measured V values (V=0.13+0.0.1 at 350 °C
and V=0.98+0.02 at 450 °C) show that phase separation into Cr-rich o’
and Fe-rich « domains occurred at both temperatures.

After aging, the o’ and a domains developed an interconnected struc-
ture. This structure is revealed by the Cr content isosurface, i.e., the sur-
faces where the composition is equal to a selected threshold value. When
the threshold is set equal to the average content plus one counting statis-

tics standard deviation, the isosurface isolates Cr-rich o’ domains. Such
isosurfaces are represented in Fig. 7 (d) and (e) for the undeformed aged
samples and illustrate the complex morphology of the Cr-rich a’ and Fe-
rich « domains. Image analysis clearly indicates that for the sample aged
at 450 °C, the 25 at% Cr isosurface was continuous over the entire mi-
crostructure. In other words, no isolated Cr-rich particles were observed
and the structure was fully percolated.

Another way to illustrate phase separation in the ferritic matrix is
to plot concentration profiles. Such concentration profiles, plotted with
a lateral resolution of 2 nm and a depth resolution of 0.5 nm, are dis-
played in Fig. 9 (a) and (b) for the corresponding samples. After aging
for 1086 h at 350 °C, the composition profile reveals that the maximum
Cr content was approximately 45+5 at%, whereas it reached 60+5at%
after aging at 450 °C. The characteristic fluctuation wavelengths were
measured to be 3+0.5 and 7+0.5 nm, respectively.
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Fig. 9. Cr content profiles extracted from APT 3D reconstructions after aging for 1086 h at (a) 350 °C and (b) 450 °C for the undeformed ferrite and (c) at 450 °C
after cold rolling. The red dotted curve in (c) represents the composition of the Cu-rich cluster.

To characterize the effect of plastic deformation on the a—a’ phase
separation process, the material was also investigated for the same aging
treatment of 1086 h at 450 °C after cold rolling. The redistribution of Cr
atoms and the interconnected structure are clearly observed in Fig. 7 (c)
and (f). Once again, the isosurface was continuous throughout the in-
vestigated volume. Whereas the V parameter was 0.98 + 0.02 for the
undeformed sample, it was 1.37 + 0.05 for the previously cold-rolled
sample (see Fig. 8 (c)).

In addition to a—a’ phase separation, an additional phase-separation
process occurs in previously cold-rolled ferrite. As shown in Figs. 7 (c,f)
and 9 (c), nanometer-sized Cu clusters were observed after aging. They
were observed in most analyses, with a mean diameter of approximately
5 nm and estimated number density of 2 x 10%2/m3.

3.4.4. Nanostructure of (aged) martensite

Phase separation was also observed in the martensite. First, inherit-
ing the initial Cr content of austenite, which was shown to be very simi-
lar to that of ferrite in Table 3, it is expected that Fe—Cr solid solution in
martensite will also undergo a—a’ phase separation. This phenomenon
has been widely reported in the literature [40-43]. Indeed, as shown
in Fig. 10, extended Cr content fluctuations were observed in the aged
martensite. However, most of the other alloying elements were severely
affected by atomic redistribution, which was not the case in ferrite and
was used to discriminate between aged ferrite and aged martensite. The
first obvious type of precipitates, shown on the first line in the figure and
marked as @, is rather large (tens of nanometers) particles, containing
mostly Cr, N, and C and to a lower extent Mo and V. These metallic el-
ements are all known to be nitride formers, and the presence of carbon
indicates that they are chromium carbonitrides.

Fig. 10. Elemental distribution in martensite after
cold rolling followed by aging for 1086 h at 450 °C.
Several types of precipitates were observed: Cr,N (1,
green arrow), nanometric Cr precipitates (2, green ar-
row), a Ni,Si,Mn,P-enriched phase identified as the G
phase (3, blue arrow), Ni- and Mn-rich segregation at
the martensite/ferrite interface, which will not be de-
tailed here (4, grey arrow), and a nanocluster enriched
in Cu (5, red arrow). Note that the N represented here
is only ‘combined N’.

To estimate the compositions of these chromium carbonitride precip-
itates, they were investigated using the proxigram method [44]. Proxi-
grams are composition profiles plotted as a function of the distance from
any selected surface. The regions with positive (negative) abscissae cor-
respond to the inner (outer) regions delimitated by the isosurface, i.e.,
regions where the Cr content is higher (lower) than the selected thresh-
old. In this case, we used the 60 at% (Cr+N+C) isosurface, which cap-
tured the large chromium carbonitrides, as shown in Fig. 11.

The proxigrams show the evolution of the atomic composition with
respect to the distance to the 50 at% Cr isosurface. They clearly reveal a
Cr/(N+C) ratio close to 2 in the particles, indicating the Cr,(NC) nature
of the nitrides. The proxigrams also confirm the Mo and V enrichment
in the nitrides. In addition, up to 8 at% Fe was also measured in the
nitrides, in good agreement with thermodynamic calculations and ex-
perimental measurements [45].

In addition to these large Cr,(NC) particles, many other nanostruc-
tural features can be observed, identified as @, ®, @, and ® in Fig. 10.
The second family, marked as @, is chromium segregation in the ferritic
matrix between the large Cr,(NC) precipitates. To isolate these precipi-
tates, a reconstruction was generated from which all atoms included in
the large carbonitrides were removed. The mean Cr content remaining
in the matrix (after removing the large Cr,(NC) precipitates) was ap-
proximately 15 at%. An isosurface with a threshold of 25 at% Cr was
then plotted in the remaining volume, as shown in Fig. 12.

The selected threshold is similar to that used in ferrite to demon-
strate the interconnected nature of the a—a’ phase separation. In aged
martensite, the image analysis clearly indicates that these «’ domains ap-
pear as isolated particles. In addition to these Cr,N and o’ precipitates,
many other secondary phases were observed in the aged martensitic, as
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Fig. 12. 25 at% Cr isosurfaces in a volume from which large Cr,(NC) particles
were removed. The represented volume is 60 X 60 x 140 nm?.

shown in Fig. 10. A large precipitate with high Ni, Si, and Mn contents,
marked as ® and highlighted by a blue arrow, is visible at the bottom
left of Fig. 10. A proxigram of this particle, with an isosurface threshold
of (Ni+Si+Mn)=50 at%, is presented in Fig. 13.

The composition of this large particle, as listed in Table 4, is very
close to the Ni;¢Si;Mng stoichiometry (54-25-21 in at%), which leads
to its identification as a G-phase particle [46]. It clearly appears faceted;

however, its size could not be measured as it was cropped by the ana-
lyzed volume. Such precipitates have also been observed in 17-4 PH
martensitic stainless steels after 5000 of aging at 400 °C [47], with a
very similar composition, and in CF8M DSS, where Mo can substitute
to [48-50]. Previous TEM and APT results in a 17-4 PH stainless steel
suggested that this phase heterogeneously nucleated at pre-existing Cu-
precipitate interfaces [47]. In the present case, no Cu-rich precipitates
were observed close to the G-phase particle, potentially indicating the
same precipitation mechanism. However, as only a part of the G-phase
precipitate was present in the analyzed volume, it was not possible to
confirm the occurrence of this mechanism. This G-phase particle was the
only one intercepted along an analyzed depth of approximately 500 nm.
Even if it is impossible to estimate the number density and mean size of
these particles without complementary TEM analyses, they most likely
have very little effect on the mechanical behavior of the material, and
no further investigation was conducted to better characterize this pop-
ulation.

It can also be noted that the proxigram indicates an average Cr con-
tent up to 20-nm away in the matrix identical to the initial austenite
composition, i.e., 23 at%. This apparent contradiction with the matrix
Cr content reported in this section can be explained by the nature of
the proxigram. Indeed, as it is plotted as the distance from the G-phase
particle interface, it does not differentiate Cr,(NC) from the matrix and
thus provides an averaged Cr content between them, leading to a Cr
content close to that of the initial austenite.

Cu nanoprecipitates, marked as ® and highlighted by red arrows
in Fig. 10, were also observed in the aged martensite. Their diameter
ranged from 5 to 9 nm, their Cu content ranged from 50 at% to 70 at%,
and their density was estimated to be 2.2 10%2/m3, very similar to in
the observations in ferrite for the same treatment. Such precipitates are
often observed in aged martensite [16,47,51,52] but for much higher
Cu content than in the investigated material.

The precipitation of these Cu clusters is clearly a consequence of the
cold rolling, as they were not observed in the undeformed ferrite. If
these clusters had been present in the undeformed ferrite with a simi-
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lar number density, they would have inevitably been observed. Indeed,
as approximately 2 x 106 nm3 was analyzed in the undeformed fer-
rite aged for 1086 h at 450 °C and considering their estimated number
density in martensite, approximately 40 Cu particles should have been
intercepted, whereas not a single particle was intercepted. It can be as-
sumed that plastic deformation generates a significant linear density of
dislocations, which likely favors heterogeneous nucleation of these Cu
particles (known to be more energetically favorable than homogeneous
nucleation in the absence of dislocations). In addition, cold rolling plays
a major role in the precipitation of Cu particles. As no Cu precipitates
were detected in the ferrite, it can be concluded that the solubility of Cu
in this phase at 450 °C is higher than the measured 0.09 at%. This lower
value is slightly higher but not so different from the value of 0.08 at%
reported by Miller et al. [53] The Cu enrichment measured in marten-
site (0.11 at%, as indicated in Table 3) could potentially explain the
Cu precipitation but not the depletion observed in ferrite (0.05 at%, as
indicated in Table 3). For the latter, the Cu content was clearly lower
than the solubility limit; however, precipitation occurred. The thermo-
dynamic reasons for Cu precipitation are not understood in this context
but are clearly related to cold rolling and most likely to the presence of
an increased density of dislocations.

4. Discussion
4.1. Composition measurements

As shown in Tables 3 and 4, the distributions of C and N were
severely affected by cold rolling and subsequent aging and showed a
strong tendency to segregate in aged martensite. Indeed, the austenite
contained very little C compared to that in the undeformed condition
(181 atppm after deformation and 1134 atppm without deformation).
Carbon was mostly concentrated in the martensite (1114 atppm) and,
more surprisingly, in ferrite to a lesser extent (126 atppm in the cold-
rolled condition vs. 28 atppm in the undeformed one). The higher C
content in the deformed ferrite can be explained by the presence of nu-
merous lattice defects resulting from plastic deformation, which acted
as potential sites for carbon trapping. In addition, the standard devi-
ation for the C content of ferrite was very high (compared with the C
content), indicating that some regions were C depleted while others con-
tained more than 200 atppm C. This heterogeneity can be related to the
heterogeneity in plastic deformation leading to heterogeneities in car-
bon segregation between the highly deformed regions (where defects
accumulate) and the less deformed ones. A heterogeneously deformed
state can result either in local plastic heterogeneity within grains (be-
cause of deformation localization) or to a deformation difference from
one grain to another (because of the orientation dependence of the de-
formation). The different grains of the 50% deformed sample are shown
in Fig. 14a, and the misorientation distribution is plotted in Fig. 14b.
The deformation was quite localized, and some deformation bands ap-
peared (indicated by the white dotted lines). This phenomenon is quite
common for ferrite of cold-rolled DSS, where localized strain and dislo-

Fig. 13. isoconcentration (Ni+Si+Mn)=50 at% and corresponding

100 proxigram illustrating the presence of a large cropped G-phase par-

ticle.

75

Table 2
Phase fractions estimated from EBSD for the three different rolling
parameters.
Ferrite Austenite Martensite
Rolling 0% 57+5 4345 0
Rolling 30% thickness reduction 57+5 36+5 6+5
Rolling 50% thickness reduction 57+5 135 30+5

cation slip bands are developed. However, there is no clear effect of the
grain orientation on the deformation state. Therefore, the heterogene-
ity of the phase separation kinetics is more likely related to the local
heterogeneity of deformation.

The N content in ferrite remained very low (44 atppm) and fairly con-
stant (small standard deviation). The N content in cold-rolled austenite
was slightly reduced compared with that in the undeformed one (see
Table 4) but clearly increased in martensite, owing to the presence of
large chromium nitrides. The martensitic matrix (as defined by exclud-
ing large chromium nitrides) exhibited a very low N content of approx-
imately 600 atppm, exclusively observed as ‘combined’ MoN%* molecu-
lar ions. As only aged cold-rolled samples were investigated, it was not
possible to determine whether the redistribution of interstitials resulted
solely from the cold rolling or subsequent aging or from a combination
of cold rolling introducing a high density of defects and aging at 450°C.
This combined mechanism can clearly be evoked for interstitial elements
that diffuse rapidly at 450°C. Complementary investigations are planned
to investigate this specific point of carbon and nitrogen redistribution.

Similar to the observations for the undeformed samples, P and Mo
segregated to ferrite, whereas Cu, Mn, and Ni segregated to austenite
and martensite. The V content remained rather similar in all the phases.
Ni, Mn (Table 3), and Si (Table 4) were also less present in marten-
site than their original contents in austenite would suggest. This is most
likely due to their strong heterogeneous distribution, associated in par-
ticular with large G-phase particles. In addition, if one calculates the
overall composition of the alloy in the undeformed and cold-rolled con-
ditions (assuming the phase compositions in Tables 3 and 4 and the
phase fractions derived from EBSD measurements in Table 2), all the
substitutional elements were observed to be depleted in the cold-rolled
condition. As all these elements are involved in the precipitation of
coarse precipitates in martensite (chromium nitrides, G-phase particles,
Cu precipitates, unidentified Ni-Mn phase), which have sizes on the or-
der of the analyzed volumes, it is clearly suspected that our APT analy-
ses do not capture their actual volume fractions. Additional analyses of
martensite are necessary to clarify this point.

4.2. Spinodal decomposition in ferrite and effect of cold rolling

As shown in Fig. 7 d and e, the morphologies of the a« and o’ do-
mains were fully interconnected and percolated. The nature of the de-
veloped microstructure strongly suggests that phase separation proceeds
through a spinodal decomposition mechanism at this temperature [54].
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Table 3

Average APT-measured composition of ferrite and austenite after aging for 1086 h at 350 °C and 450 °C for the undeformed
sample and after aging for 1086 h at 450 °C for the deformed sample. The standard deviations were calculated over the
composition of individual analyses (at least five analyses per phase, except for martensite (three analyses)), and do not
consider counting statistics, [39] which are several orders of magnitude lower than the ¢ given in the table.

CR level  Phase Cr Ni Si+N Mo Mn \% Cu C Combined N P B
at% at% at% at% at% ppm ppm ppm ppm Ppm ppm

0%
ferrite 232 217 1.08 025 1.05 700 893 28 170 849 20
o 0.2 0.03 0.03 0.01 0.02 13 30 26 166 114 20
austenite 236 334 1.80 019 135 754 1106 1134  0.50 at% 168 64
4 0.5 0.19 0.15 0.01 0.03 28 84 339 0.10 at¥% 15 6
ferrite 230 2.00 1.09 024 099 543 502 126 44 758 28
c 0.6 0.21 0.03 0.02 0.07 101 230 135 58 246 24

50% austenite 229 351 1.67 017 141 736 995 181 0.39 at% 198 108
o 0.2 0.23 0.11 0.01 0.09 31 85 86 0.12 at¥ 52 39
martensite 199 252 142 0.14 1.00 519 1113 1114 1.17 at% 203 68
o 1.5 1.1 0.44 0.03 0.32 196 842 361 0.53 at¥ 127 29

Table 4
Estimated Si and N contents of austenite and martensite, considering the 14-Da
overlap.

Phase Undeformed austenite Deformed austenite Martensite
Element Si N Si N Si N
Measured (at%) 1.80 0.50 1.67 0.39 1.42 117
Corrected (at%) 0.72 1.58 0.67 1.39 0.57 2.02

This speculation was confirmed by the Cr content profiles, in particular
that for aging at 450 °C in Fig. 9 b. It can be clearly observed that the
Cr content of the o’ domains does not reach 85 at%, which, according

Table 5
Experimental composition of precipitates in martensite.

to the phase diagram, is the expected equilibrium composition at this
temperature. This finding indicates that phase separation does not pro-
ceed through the nucleation and growth of equilibrium composition o’
precipitates. In addition, a clear evolution is observed between 350 °C
and 450 °C aging, characterized by an increase in the o’ domain com-
position and characteristic distances between them. All these elements
support a spinodal mechanism being active at 450 °C (and below), even
if only a kinetic study (not conducted here) could prove this specula-
tion. This conclusion is fully consistent with previous investigations of
ferritic stainless steels containing approximately 20 at% Cr [54]. From
a thermodynamical viewpoint, if SD is active at 450 °C, it must also be
active at any lower temperature, including 350 °C.

at % Fe Cr Si Ni Mn Mo \4 Cu N C P B
Cr,(NC) 9.1 646 - 1.0 095 078 054 0.01 213 15 0.02  0.02
G phase 037 038 234 524 216 023 0.1 016 012 005 115 -
Ni-rich phase  69.0  22.1 143 455 1.5 048 0.05 0.2 043 004 0.03




Fig. 15. Fe-Cr phase diagram showing the phase transformation
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Regarding the cold-rolled samples, the interconnected nature of the
a—a’ microstructure indicates that SD is most likely active, with the ab-
sence of isolated o’ precipitates ruling out a possible NG process. From
a kinetic viewpoint, both the frequency distribution analysis (shown in
Fig. 8 ¢) and related composition profile (shown in Fig. 9 c) confirm that
the phase separation is more advanced for the cold-rolled specimens af-
ter the same aging treatment of 1086 h at 450 °C. The respective mean V
values were 1.37+0.05 vs. 0.97+0.03, the maximum Cr content was ap-
proximately 70+5 at% vs. 60+5 at%, and the characteristic composition
fluctuation wavelengths were 12+0.5 nm vs. 7+0.5 nm. These results
unambiguously confirm that the previously cold-rolled samples under-
went a faster phase separation than the undeformed samples, providing
direct evidence that plastic deformation enhances SD in the ferritic ma-
trix of this Fe—Cr alloy. The most likely reason for this enhancement is
the presence of point defects, in particular vacancies, as revealed by the
increase in carbon content in the cold-rolled ferrite. The higher num-
ber of vacancies naturally accelerates atomic diffusion and thus the SD
kinetics. It should also be noticed that the standard deviation of the vari-
ation values V is larger for the cold-rolled samples (0.05 vs. 0.02). This
result indicates a certain level of heterogeneity in a—a’ phase separation
that was not observed in the undeformed samples. As for the heteroge-
neous distribution of C in ferrite, this can be analyzed in light of the
plastic strain deformation heterogeneity observed in the ferritic matrix,
even if no direct correlation was observed between the V values and
local C content.

4.3. Decomposition of martensite: Cr behavior

After deformation and subsequent aging at 450 °C for 1086 h, decom-
position of both the ferritic and martensitic phases occurred. Whereas
an interconnected structure, attributed to a spinodal mechanism, was
observed in ferrite, individual particles were observed in martensite for
the same isoconcentration threshold. This change in morphology is asso-
ciated with a change in the phase-separation process from SD in ferrite
to NG in martensite. This change in the decomposition process is related
to the matrix composition difference between the two phases. Indeed,
the composition of the martensitic matrix was measured to be 15 at%,
whereas it was approximately 23 at% in ferrite. Several investigations
of a—a’ decomposition in martensite have been conducted, where the
phase-separation process was identified as a function of temperature
and Cr content. These results were compiled and are presented in a
Fe-Cr phase diagram in Fig. 15. These investigations were mostly con-
ducted on 15-5 PH, 17-4 PH, and a model 15-5 martensitic stainless
steel (where the first and second numbers refer to the Cr and Ni con-
tents, respectively). NG is clearly the active mechanism for the 15 at%
Cr from 500 °C to 425 °C [16,51] and for the 17 at% Cr one at 480°C [55],
whereas SD is clearly the active mechanism for the 17 at%Cr at 400 °C
and below [47]; the situation was less clear for the 17 at% Cr at 450°C

> [6] Wang 2008

according to [56]. It can be concluded that the location of the spinodal
(or bimodal) line, represented by the black dashed line, separating the
nucleation and growth domain (top left) and spinodal decomposition
domain (bottom right), lies at approximately 450 °C for a Cr content of
approximately 17 at%, and at increasing (decreasing) temperature for
higher (lower) Cr contents. Note that the position of the spinodal line is
plotted for illustrative purposes; its slope is purely hypothetical.

The point representing our martensitic alloy at 450 °C (green star
in Fig. 15) clearly lies on the left side of the spinodal line, indicating
that it should undergo NG of o’ rather than the SD observed for the
ferritic phase. Assuming that the phase diagram is similar for ferritic
and martensitic alloys, the ferrite phase of the investigated alloy (empty
green flag) lies deeply in the spinodal decomposition domain. All these
results are in perfect agreement with our experimental data, and it can
therefore be concluded that the Cr depletion of the martensitic matrix
results in a shift from SD (as observed in ferrite) to NG of «’ particles in
martensite aged at 450 °C.

4.4. Interpretation of TEP measurements concerning microstructural
evolution

For the undeformed samples, only ferrite phase separation was ob-
served during aging in the APT characterization. This finding is in good
agreement with TEP measurements that show a similar trend for all sam-
ples aged between 280 °C and 450 °C, with one mechanism involved,
with an activation energy corresponding to ferrite phase separation [4].
This result highlights the efficiency of TEP measurements for the fast
detection of decomposition kinetics in metals. Indeed, the TEP increase
was significant even at relatively low temperatures and fast heat treat-
ments (such as ATEP = 0.1 uV /°C after 1 h at 350 °C), where the phase
separation process must give rise to very small composition variations
that are difficult to detect even with powerful techniques such as APT
but that can be detected with much more time-consuming techniques,
such as Mossbauer spectrometry [8].

For the deformed samples, APT characterization revealed that not
only ferrite phase separation but also complex precipitation and demix-
ing occurred in martensite during aging. A time-temperature equiv-
alence analysis was performed for the deformed samples after aging
at 450 °C. For the three samples, the activation energy was set to
206 kJ/mol, which corresponds to the ferrite phase separation, and
the temperature of the undeformed sample was set to 450 °C. For the
30% and 50% deformed samples, selecting temperatures of 500 °C and
570 °C, respectively, enabled the three curves to be superimposed. This
finding highlights the fact that all three samples were subjected to fer-
rite phase separation. The fictive temperature increase of the deformed
samples confirms the acceleration in kinetics observed by APT. More-
over, one can see that for an equivalent time of 1.10%5 h, the curve
corresponding to the 50% deformed sample starts to diverge from the
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other two. This result corresponds to approximately 10 h of aging at
450 °C and could be a sign of the start of the other microstructural evo-
lutions observed from APT: precipitation and martensite decomposition
(Fig. 16).

5. Conclusion

In this study, the effect of cold rolling on the aging response at inter-
mediate temperatures (lower than 450 °C) of a lean 2202 duplex stain-
less steel was investigated by comparing the thermal response of unde-
formed and cold-rolled samples.

In the undeformed samples, no elemental redistribution was ob-
served in austenite was by thermal aging up to 450 °C, whereas fer-
rite decomposed into a-Fe rich and «’-Cr rich domains via spinodal de-
composition. The activation energy of this process was measured to be
206 kJ/ml.

Cold rolling led to the transformation of austenite into martensite,
whereas the fraction of ferrite remained unaffected. Interstitial elements
were redistributed between the three phases, with a strong enrichment
in carbon and nitrogen of martensite.

Cold-rolling enhances enhances ferrite decomposition, which still
followed a a—a’ spinodal decomposition mechanism and developed a-a’
microstructure in terms of composition fluctuation amplitudes and char-
acteristic wavelength. Second, martensite, which formed during austen-
ite deformation, was also shown to be a site for phase transformations,
including a—a’ decomposition and precipitation of large Cr,(NC), G-
phase, and Cu-rich particles. a—a’ decomposition of the martensitic ma-
trix follows a nucleation and growth process. This change in a—a’ decom-
position is due to Cr depletion in the matrix, resulting from the intense
precipitation of Cr,(NC), consistent with the most recent Fe—Cr phase
diagrams.

This study has demonstrated the complementarity of TEP and APT in
investigating aging in DSSs, combining the overall response of the ma-
terial to TEP with the ability of APT to quantitatively characterize the
microstructure of selected samples at the nanometer scale. The combina-
tion of these techniques provides a detailed understanding of the aging
response to cold rolling in DSSs.
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