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The effect of isothermal aging at 963 K (690 °C) on the microstructure of a 2101 lean duplex
stainless steel, with the composition Fe-21.5Cr-5Mn-1.6Ni-0.22N-0.3Mo, was investigated using
a multi-technique and multi-scale approach. The kinetics of phase transformation and
precipitation was followed from a few minutes to thousands of hours using thermoelectric
power measurements; based on these results, certain aging states were selected for electron
microscopy characterization. Scanning electron microscopy, electron back-scattered diffraction,
and transmission electron microscopy were used to quantitatively describe the microstructural
evolution through crystallographic analysis, chemical analysis, and volume fraction measure-
ments from the macroscopic scale down to the nanometric scale. During aging, the precipitation
of M»;Cq4 carbides, Cr,N nitrides, and o phase as well as the transformation of ferrite into
austenite and austenite into martensite was observed. These complex microstructural changes
are controlled by Cr volume diffusion. The precipitation and phase transformation mechanisms

are described.
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I. INTRODUCTION

THE industrial application of duplex stainless steels
(DSS) is increasing, mainly in the chemical, petrochem-
ical, marine, and nuclear industries.!! Indeed, this
family of steels combines good mechanical and corro-
sion resistance properties due to a J-ferrite/y-austenite
phase ratio close to 1. DSS is usually delivered in the
annealed two-phase condition after a solution treatment
is performed at 1323 K to 1373 K (1050 °C to 1100 °C).
Undesirable phases, such as the ¢ phase, carbides,
nitrides, and other intermetallic phases, are known to
precipitate in DSS during aging, leading to a dramatic
deterioration of the mechanical and corrosion proper-
ties.'? In standard and super DSS, the embrittlement
nose is caused by the formation of the Cr-Mo-rich ¢
phase and occurs in as few as several minutes of aging at
1173 K (900 °C).’* The ¢ phase precipitates mainly in
0 through an eutectoid transformation of ¢ into ¢ and
y,-secondary austenite.’> However, carbides and
nitrides precipitate first in this range of temperatures.
During aging of 2205 DSS (UNS $32205), Lee et all
observed the migration of the ¢/y interface boundary
into ¢ through the lamellar growth of M»3Cg4 carbides
and y, followed by o-phase precipitation. Chen et al.”
reported that the ¢ phase preferentially nucleates at the
interfaces between preformed M,3Cq and d at y/6 phase
boundaries. When using N as an alloying element in
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DSS, the precipitation of Cr,N nitrides is likel?/ to occur
along d/y and 9/5 interfaces.’! Ramirez er al®*! inves-
tigated five ferritized DSS reheated at 1173 K to 1473 K
(900 °C to 1200 °C) for a few seconds and proposed a
model to describe the migration of the y/d interface due
to Cr,N precipitation. Cr,N and y, grow together in &
until the diffusion of the heavy nitride forming elements,
such as Cr, Mo, and V, limits the Cr,N growth and
allows 7, to grow alone. The Cr,N nitrides remain on
the y/y, interface and dissolve as aging progresses.

Since the late 1990s, significant studies have been
devoted to the development of lean DSS, a family of
stainless steels that combines the good mechanical
properties characteristic of DSS with the corrosion
resistance of standard austenitic stainless steels.!!®!!
The 2101 DSS was mainly designed for light-weight
constructions and using this grade instead of the
dominating stainless steel grades, typified by the
austenitic AISI 304 (EN 1.4301), allows significant
weight-saving. As a fact, the 2101 DSS is an economical
alternative to these standard austenitic stainless steels.
Compared with other DSS, the corrosion resistance and
cost-processing of the 2101 DSS are usually weaker, as
the Ni and Mo contents are lower. It is compensated by
higher N and Mn contents to stabilize y and maintain an
equivalent amount of y and é phases. Nowadays, the
2101 DSS is well established in the market, as a %eneral
and multipurpose stainless construction steel,!'” used
for various applications such as tanks and pipelines, for
which the use of 2205 DSS would be over-specified from
a corrosion perspective.!!'%-11]

Investigations on the microstructural evolution of
lean DSS are not as extensive as for 2205 and 2507 DSS.
As the composition of lean DSS differs from that of
conventional DSS, a different aging behavior is
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expected. It is accepted that the embrittlement nose of
2101 lean DSS is approximately 923 K to 1023 K
(650 °C to 750 °C) because of the precipitation of
Cr,N and M»;Cq at 6/y and §/6 interfaces, which begins
after a few minutes of aging.'">'¥ The kinetics of
o-phase precipitation is expected to be more sluggish
than in standard and super DSS due to the lower Cr and
Mo contents!%!'* and o-phase is generally observed after
several tens of hours of aging at 973 K (700 °C).['*!!
However studies on the o-phase fraction evolution and
the thermal stability of the various phases during
long-term aging have been relatively limited; e.g., Calliari
et al' observed o martensite in 2101 DSS after
25 minutes of aging at 1023 K (750 °C) followed by
quenching, which has not been reported in other studies.
The present paper is devoted to understanding the
precipitation mechanisms and phase transformations in
a 2101 commercial lean DSS (EN 1.4162, UNS S32101)
during isothermal aging at 963 K (690 °C) in the
embrittlement nose temperature range. A multi-tech-
nique and multi-scale approach has been developed to
accurately characterize the microstructural changes. The
kinetics of the microstructural evolution during aging
was followed using thermoelectric power (TEP) mea-
surements; based on these results, certain aging states
were selected and characterized using electron micro-
scopy. Scanning electron microscopy (SEM), electron
back-scattered diffraction (EBSD), and transmission
electron microscopy (TEM) were used to investigate
the crystallographic features, structural stability, and
chemical composition of the phases and to quantita-
tively describe their growth. Scenarios of the microstruc-
tural evolution are proposed for each interface, y/d, §/9,
and 7y/y, with a description of the diffusion of alloying
elements controlling the phase transformations.

II. EXPERIMENTAL

A. Material and Heat Treatments

The as-received material is a 3-mm-thick hot-rolled
sheet of commercial LDX 2101® duplex stainless steel
developed by Outokumpu. The final step of the indus-
trial process was a solution annealing at approximately
1323 K (1050 °C) followed by rapid quenching.*'” To
study the effect of aging on the microstructure of the
2101 DSS, isothermal aging was performed at 963 K
(690 °C) in a conventional chamber furnace from
2 minutes up to 3600 hours followed by water quench-
ing. These heat treatments were interrupted for TEP and
hardness measurements (6 measurements, load of
0.2 kg), which were performed at room temperature;
the reported aging time represents the effective cumula-
tive time in the furnace, set at the aging temperature 7.
The electron microscopy samples were heat treated to
the selected aging time at once.

B. Thermoelectric Power Measurements
The TEP (or the Seebeck coefficient, uV-K™") is

particularly well-suited to follow microstructural
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changes during aging!'”'® because this physical prop-

erty is highly sensitive to defects in metals and especially
to composition changes of the solute.'” For sin-
gle-phase low-alloyed metals, the equation below is a
good approximation of the TEP ““S”

S=Sy)+ Zi AS; and AS; = KC

Here, Sy is the TEP of the pure metal, AS; is the TEP
contribution of the alloying element “i,”” and C; is the
concentration of the alloying element “i” in the solid
solution. Kj is a coefficient that is inherent to each
element “i” in the solid solution of a pure metal. In
low-alloyed iron, K; is slightly positive (K; > 0) for Cri*"
and strongly negative (K; < 0) for N and C,!'7!-?
whereas in austenite, limited data are available except
for the data provided by Lasseigne et al.** who
measured a slight negative effect of N on the TEP of
an austenitic stainless steel. For multiphase alloys,
Kléber er al*¥ demonstrated that the TEP is propor-
tional to the volume fractions of the phases, provided
that the phases exhibit similar electrical properties.

For complex alloys such as 2101 DSS, different
mechanisms may occur simultancously during aging
and interact with each other. Consequently, TEP
measurements during aging are used in this study to
qualitatively follow the kinetics of precipitation and
phase transformations.

The TEP was measured at 293 K (20 °C) for speci-
mens with sizes of approximately 1 x 3 x 60 mm? with
an apparatus developed in the laboratory.”!! The TEP
was measured relative to a copper reference. To plot the
TEP curves, only the TEP evolution with aging time
AS =S, — S,—o was considered and not the absolute
TEP. S,_, (approximately —0.85 xV-K ') is the TEP of
the as-received 2101 DSS relative to that of the copper
reference, and S, is the TEP of the aged sample after the
cumulative time “#” at 963 K (690 °C). Six measure-
ments were performed for each time step, and the
maximum standard deviation observed for the means
was 0.02 uV-K .

C. Microscopy

The as-received 2101 DSS samples were prepared for
optical microscopy by mechanical polishing followed by
etching in a 0.1 gmL™" KOH electrolyte at 5V for
approximately 15 seconds. Ferrite appears darker than
austenite,!'> making phase fraction measurement possi-
ble on large areas from optical micrographs (75 images
of 640 x 480 um?). Only the as-received sample was
characterized by means of optical microscopy. The
as-received 2101 DSS and the samples aged at 963 K
(690 °C) for 15 minutes, 2 hours, 10, 24, 120, 350, and
3300 hours were prepared for SEM and EBSD. A
colloidal silica suspension was used for the final polish-
ing step after SiC grinding papers and diamond polish-
ing up to 1 um.

An FEG ZEISS SUPRA™ VP55 microscope was used
for the SEM analysis, equipped with an Oxford Instru-
ment EBSD camera and with HKL Channel Five and
AztecHKL softwares for the EBSD analysis. The
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minimum angle grain boundary disorientation was set as
5 deg for map representation and analysis. The crystal-
lographic structures entered in the software for the Cr,N
and the o phase are the trigonal structure of space group
P3Im with lattice parameters ¢ = 0.4752 nm and
¢ = 0.4429 nm™' and the body-centered tetragonal
structure of the space group P4,/mnm with lattice
parameters ¢ = 0.880 nm and ¢ = 0.454 nm,® respec-
tively. M»3Cg have an fcc-cr;/stal structure with a lattice
parameter ¢ = 1.065 nm,*’! which is approximately
three times larger than the lattice parameter of austenite
(a, = 0.36 nm). Therefore, the M,3Cq precipitates were
not detected during EBSD acquisition and were indexed
as austenite. Bec-martensite (o) is indexed as ferrite by
EBSD because these phases have very similar lattice
structures (as = 0.287 nm). However, a contrast differ-
ence between ¢ and o’ was observed in the band slope
and kernel average misorientation (KAM) EBSD
maps®® due to the local amount of strain induced by
the y to o transformation. The grain morphology and
this contrast difference were used to distinguish o’ from
0 and to deduce the volume fractions of both phases.

The volume fractions of the phases (y, o, 4, and «’)
were estimated from the surface measurements on the
EBSD maps for the different aging states. Depending on
the aging state, between 2 and 14 maps were recorded in
various zones for a total surface of 0.2 to 1.5 mm?. The
precipitate surface fractions were estimated from con-
trast analysis of 25 random back-scattered-elec-
tron-SEM  images of 29 x 38 um?  where the
precipitates appear darker than the matrix. The o-phase
fraction, which appears lighter than the matrix in
BSE-SEM, was also determined from BSE-SEM image
analysis; the results are in good agreement with the
o-fraction measured by EBSD.

TEM was used on two types of samples: thin foils for
bulk samples and carbon replicas deposited on copper
grids for precipitate observations of the early aging
stage. Thin foils were prepared from thick discs thinned
to 50 um by mechanical polishing and twin-jet-polishing
in a solution of 10 pct perchloric acid—90 pct methanol
between 248 K and 258 K (—25 °C and —15 °C) at a
40 V etching potential using a Gatan Tenupol device.
Final polishing was performed with a Gatan precision
ion polishing system (PIPS). For replica preparation,
both the first chemical attack during 1 minute and the
matrix dissolution after the carbon film deposition were
performed using a 10 g'L ™" picric acid, 5 pct HCL, and
95 pct methanol solution. JEOL 200CX and JEOL
2010F microscopes with accelerating voltages of
200 kV were used for the TEM analyses. The orienta-
tion relationships (ORs) between Cr,N and the two
phases of the matrix (y and J) were investigated using
TEM selected area diffraction (SAD) and EBSD using

pole figures, while only TEM-SAD was used to deter-
mine the ORs between M»3;Cy¢ and the matrix phases.
The ORs among 7y, 6, and o’ were determined using
EBSD.

The grain size of the as-received material was deter-
mined using EBSD from 14 random EBSD maps for a
total surface of 1.5 mm? The diameters of the grains
were estimated from the surface measurements, which
were plotted as a function of their numerical density and
fitted with a log-normal law to determine the mean
diameter and the corresponding standard deviation. The
precipitate size was identically determined for each aged
state from the analysis of the 25 BSE-SEM images. Due
to the precipitate size, these results were completed using
TEM-high-angle annular dark field (HAADF) image
analysis for the sample aged for 15 minutes.

III. RESULTS

A. Microstructure of the As-received Material

The measured chemical composition of the investi-
gated 2101 DSS in the as-received condition is listed in
Table I and the typical microstructure of the normal
section is shown in Figure 1(a). It consists of y and &
grains and no other significant phases were identified in
this state. Elongated 7 islands composed of small
equiaxed grains are embedded in the large coarse-
grained ¢ matrix due to the solid nucleation and growth
of y in 6. On the transverse section, a banded structure
of y and ¢ islands is observed. Classic Kurdjumov—Sachs
(K=S) or Nishiyama—Wassermann (wag ORs are
typical of the fcc to bee transformation®”*” but in
most cases, no particular ORs at the y/J interfaces were
observed using EBSD. More than 95 pct of the grain
boundaries shown in the figures have high angle
disorientation (>15 deg), in both phases. A ¢/y phase
ratio close to 1 was measured by EBSD, with 52 + 3 pct
0 and 48 4+ 3 pct y. Similar results were obtained by
optical image analysis and global magnetic measure-
ments, as y is paramagnetic and ¢ is ferromagnetic. The
mean diameter of the y grains is 6 + 4 um, while the ¢
grain size follows a bimodal lognormal distribution with
mean diameters of 3 + 2 and 13 £ 8 um, respectively.

The chemical compositions of y and ¢ in the as-
received material were measured by microprobe and are
listed in Table II. As expected, 0 is enriched in «
stabilizing elements®"! such as Cr, Mo, and Si while y is
enriched in y stabilizing elements, such as Ni, Mn, and
especially N. Because carbon is too light to be measured
accurately by microprobe, the Thermo-Calc® software
was used to estimate the carbon content of both phases.
The temperature of 1400 K (1123 °C) is used, for which
the simulated equilibrium phase fraction of y and &

Table I. Chemical Composition of the Studied 2101 DSS (Weight Percent) Measured by Combustion—Conductimetry for N, Com-
bustion—Absorption for C, Atomic Emission Spectroscopy for Al, and X-ray Fluorescence for the Others Elements

C N Ni Cr Mn

Si Mo Cu v Fe

0.023 0.22 1.63 21.54 4.98

0.69 0.29 0.31 0.085 balance
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Fig. 1—EBSD phase maps of the normal section of the 2101 DSS sheet for various aging times at 963 K (690 °C): («a) as-received material be-
fore aging, (b) 10 h, (¢) 24 h, (d) 120 h, (e) 350 h, and (f) 3300 h (d-ferrite and bec-a-martensite in red, y-austenite in blue, and ¢ phase in yel-
low; y/y grain boundaries are in white and 6/ and J/y in black). The dotted boxes in (d) and (e) show that the o phase and o', are intertwined.
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Table II. Chemical Composition of the y and 6 Phases Measured by Microprobe on the As-received 2101 DSS

N Ni Cr Mn Si

Mo Cu \% Fe C

1.7+£01 21.6+03 53+0.1
1.16 £ 0.03 240+£0.2 4.7 +£0.1

y 12+04
5 01£02

1.21 £0.03 0.14£0.02 0.28 £0.06 0.08 £0.01 68403 0.17
1.47 £ 0.01

020 £0.02 0.26 £0.03 0.09 £0.02 67.9 £ 0.2 0.035

The carbon content was estimated from Thermo-Calc calculations for the equilibrium stage at 1400 K (1123 °C) (atomic percent).

T T T
500 600 700 800 900
TEMPERATURE_CELSIUS

Fig. 2—Phase diagram of 2101 DSS calculated at equilibrium be-
tween 773 K and 1173 K (500 °C and 900 °C) using Thermo-Calc
software (version S, database TCFES). NP(*) represents the mole
fraction of phases.

phases is equivalent!!*3?! and their composition is in

good agreement with the experiment results. It is a
slightly higher temperature than the assumed solution
annealing temperature of 1323 K (1050 °C) because
during the solution annealing the steel did not reach
the thermodynamic equilibrium.?*

Figure 2 shows the equilibrium phase fractions of the
investigated 2101 DSS, calculated using Thermo-Calc
software between 773 K and 1173 K (500 °C and
900 °C). Precipitation and phase transformation are
expected during aging at 963 K (690 °C). The volume
fractions of precipitated phases predicted at equilibrium
using Thermo-Calc calculations are 2.1 pct of Cr,N
nitrides, 0.3 pct of M,3C¢ carbides, and 23 pct of o
phase, whereas higher y-austenite fraction (74.6 pct) and
no o-ferrite are expected.

B. Aging Kinetics at 963 K (690 °C)

The kinetics of the microstructural evolution of the
as-received 2101 DSS during aging at 963 K (690 °C)
was followed using both TPE and hardness measure-
ments, as shown in Figure 3. The hardness curve is
stable up to 32 to 64 hours of aging. In addition the TEP
curve shows a complex microstructural evolution from a
few minutes. Indeed, each inflection of the TEP curve
can be attributed to a change of the dominant mecha-
nism, as precipitation or a phase transformation. The
TEP changes during aging are well above the maximum
uncertainties of 0.02 uV-K "

As observed in Figure 3, the first decrease of TEP
occurs before 7 minutes of aging followed by an increase

METALLURGICAL AND MATERIALS TRANSACTIONS A

0.00 400
—o—TEP (1) —«—TEP(2) = Hardness
2 025 A {350
1 ~~
z ) 1z
< L (i1) (iii) =
v 050 {300 2
' I =]
- o
n S
I [ s
4 -075% i {250
-1.00 Ly . . . - : 200
0 0.1 1 10 100 1000

Aging time at 963 K (690 °C) (h)

Fig. 3—Evolution of the TEP and hardness of the 2101 DSS during
isothermal aging at 963 K (690 °C), measured at room temperature
after water quenching.

of TEP from 7 minutes to 2 hours (i). Meanwhile, the
hardness remains stable. As aging continues, the TEP
drastically decreases between 16 and 128 hours (ii),
while the hardness increases for aging times longer than
32 to 64 hours. The hardness response to this specific
microstructural change appears delayed compared with
the TEP measurements. This finding is observed most
likely because the microstructural changes do not
initially affect the hardness; the phenomenon must be
well established to observe a modification of the
hardness. Finally, for a relatively long aging time, more
than 256 hours, the TEP increases sharply (iii). After
3600 hours of aging, the 2101 DSS did not reach
thermodynamic equilibrium, as the TEP continues to
increase. To characterize the microstructural changes
responsible for the TEP evolution, different aging stages
were selected for electron microscopy observations. A
short aging of 15 minutes at 963 K (690 °C) was
performed to investigate the early stages of precipita-
tion. Isothermal heat treatments were performed at
963 K (690 °C) for 10, 24, and 120 hours to characterize
the decrease of TEP (ii)) and for 120, 350, and
3300 hours to understand the sharp increase of
TEP (iii).

C. Evolution of Phases

The microstructural evolution of the 2101 DSS can be
globally described by the EBSD maps in Figure 1. After
10 hours of aging, the phase boundaries are not as
well-delimited and straight as those in the as-received
sample (Figure 1(a)) but are more or less crumpled
because y grew in d, as observed in Figure 1(b). This new
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austenite has the same orientation as the primary y with
a different composition and a different morpholog%/ and
is generally designated as y,-secondary austenite.***
Some small grains of o’ martensite, indexed as ferrite,
are also observed along the 7/ interfaces. This marten-
site originates from the partial transformation of the
metastable y, during the water quenching and is called
o’>. Note that o5 is always in former ¢ grain, as ), is the
result of the growth of y in § during the aging.

The o-phase precipitation is detected by EBSD after
24 hours of aging, as indicated in Figure 1(c), and was
not observed in the 10-hours-aged sample, even by
TEM. The o-phase islands are present in ¢ at the y/0 (or
o/»/0) and §/0 interfaces and are approximately 1-um
wide. The volume fraction of the ¢ phase measured after
24 hours of aging is approximately 0.1 pct. The OR
between the matrix and ¢ was studied by EBSD. At the
7/ 1nterface the ¢ phase is in OR1 with y, known as
Nenno OR, while at the §/6 interface, the ¢ phase is in
OR2 w1th one of the J-grains, as indexed by Chen
et al” on aged 2205 DSS for the initial stage of o-phase
precipitation in ¢ grains.

(001),

(111), and [110],

[To1], [OR1]

(312),]|(211), and [112]_||[113], [OR2]

As aging continues, the amount of ¢ and «; increases,
while the amount of 6 decreases, as observed in
Figure 4. The ¢ phase and &', are clearly intertwined
(see Figures 1(d) and (e)), and thereby, the ¢ phase and
7, appear to have grown in 6 from y/0 and /)
boundaries. In addition, after 120 hours of aging,
islands of martensite are also observed at the y/y grain
boundaries, see Figure 1(d). This martensite, trans-
formed from the primary 7y, is called o’y. As a fact, note
that o’y is always in former y grain.

The increase of the o', volume fraction and the
growth and coarsening of the ¢ phase in J are clearly
observed by EBSD in Figures l(d) through (f) after
120, 350, and 3300 hours of aging, respectively. The
g-phase islands are indeed larger and less broken by
o> These resulting two-phase transformations and the
decrease of the y fraction are directly observed in
Figure 4. In addition, the decrease of the ¢ fraction is
weaker after several hundred hours of aging. The
microstructure of the 2101 DSS after 3300 hours of
aging at 963 K (690 °C) followed by water quenching
is globally composed of 17 pct 7, 15 pet o6, 23 pct o,
and 44 pct o

Figure 5(a) represents a close view on a former y/o
phase boundary after 120 hours of aging followed by
water quenching, as indicated by the dashed line. Some
o5 are present in the former 6 grain, as indicated by the
white arrows. The corresponding stereographic projec-
tions show that the o, laths and surrounding-y grain are
close to the K-S OR. Actually, the continuous pole
figures observed are characteristics of the 7- -fee-to-o'-bee
transformation.®%* It confirms that 7, is the parent
phase of o>, via the growth of y in ¢ during aging.
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Fig. 4—Volume fractions of phases experimentally determined in the
2101 DSS according to aging time at 963 K (690 °C). The o’-marten-
site fraction is the addition of &’y and o'5.

Figure 5(b) shows a closer look on a former austenitic
area after 3300 hours of aging. Some o', laths are
observed in the y grains and along the 7y/y grain
boundaries. The pole figures indicate that all the o’
laths in a single original y grain present the K-S OR
with this grain. As previously, it confirms that o’
originates from the transformation of the parent pri-
mary 7y grain. Further investigations on air-cooled
samples showed the same amount of o and a similar
TEP as for the water-quenched samples. Therefore, after
aging, y and 7, to o transformations occur during
cooling regardless of the cooling rate.

The chemical compositions in substitutional elements
of the different phases are presented in Table III for
the 3300-hours-aged state. Compared with the compo-
sition of 6 in the as-received material presented in
Table II, ¢ is depleted in Cr, Mn, Ni, and Mo, while
the o5 issued from , is richer in Mn and Ni and the o
phase is richer in Cr, Mo, and Si, as expected as these
elements are o stablhzer[] Other investigations on
samples aged for 120 and 3300 hours reveal that the
composition of the ¢ phase appears constant during
aging. y has the same composition in the as-received
material and after 3300 hours of aging, while oy is only
depleted in Cr (looking at substitutional eclements
only).

D. Precipitation of Carbides and Nitrides

In the meantime, various types of precipitation are
observed during aging at 963 K (690 °C). Starting at a
few minutes of aging, Cr-rich precipitates nucleate and
grow at grains boundaries. Examination of the replica of
2101 DSS aged for 15 minutes at low magnifications
revealed that precipitates are located at y/0 and J/d
interfaces. TEM-SAD reveals that M,N nitrides (simply
designated as Cr,N) and M,;Cy are present at y/d
interfaces, see Figure 7(a), whereas only Cr,N are
identified at 6/0 grain boundaries, and no precipitates
are detected at y/y grain boundaries or intragranularly.
TEM-energy dispersive X-ray spectroscopy (EDS), per-
formed on the replicas, indicates that the M,3Cq
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Fig. 5—EBSD phase maps showing the martensitic transformations in the 2101 DSS during aging at 963 K (690 °C): (a) 7, to o’5 at a former y/o
interface, as indicated by the white dashed line, after 120 h (y in blue, o, and ¢ in red, ¢ in yellow) and (b) y; to o in y at former y/y interfaces
after 3300 h (y in blue, o in red, Cr,N in green). The superimposed pole figures of the o’-laths (red pomts) and the y-parent grain (blue points)
highlighted on each map are characteristic of the fcc-to-bee transformation, represented here in K-S OR.F

Table ITI. Chemical Composition of J, y, a’;, @’5, and ¢ Phase in 2101 DSS After 3300 h at 963 K (690 °C), Measured by
EDS-TEM and EDS-SEM, in Atomic Percent

Cr Ni Mn Si Mo Fe
0 20.9 + 0.6 0.6 = 0.1 34+0.2 1.5+ 0.1 0.06 £ 0.08 73+£1
b 21.3 + 0.7 1.7 £ 0.1 55+03 1.3£02 0.06 £ 0.07 68 £ 1
oy 19 £ 1 1.8 £0.2 5.6 £0.2 1.1 £0.2 0.07 £ 0.06 71 £2
o5 16.7 + 0.6 21403 5.6 £04 1.5+ 0.3 0.02 £+ 0.04 73+ 2
o 33£1 0.6 £0.2 5.0+£0.2 2.6 £0.2 0.6 £0.3 56 £ 1

carbides are mixed carbides (CrggFe>5Mng)>3Cg and that
the Cr,N nitrides are Cr rich with 2 to 3 at. pct of V,
which is well known to increase the stability of M,X
nitrides.*!

At /6 grain boundaries, the Cr,N have a rod-like
morphology, 200 £+ 100 nm long and 50 + 20 nm wide,
as observed in Figure 6(a). The precipitates are larger at
triple points. During aging, the Cr,N grow along the
grain boundary to cover the entire interface, as observed
in Figure 6(b). On the same grain boundary, most of the
Cr,N have the same orientation, in OR3 with one of the
0 grains.

(0001)¢, n[|(110); and  [1100]¢, «||[T11],  [OR3]

At 7/ phase boundaries, the Cr,N have the same
rod-like morphology as at /0 interfaces, whereas the

METALLURGICAL AND MATERIALS TRANSACTIONS A

M,3C¢ have a particular triangular morphology, with an
equivalent diameter of 130 £+ 60 nm (see Figure 7(a)). A
s1m11ar M23C6 morphology was observed by Hong
et alB® at y/y grain boundaries in austenitic stainless
steel. At the phase boundaries, the Cr,N are in OR3
with ¢ or in OR4 with y. However, as the analyzed y/
interfaces do not systematically exhibit K-S or N-W
OR, Cr,N do not exhibit OR3 and OR4 mmultaneously,
as in the studies performed by Lee et a/.**! and Ramirez
et all®

(0001)CT2NH(111)? and [TlOO]CrZNH[TIO]V [OR4]

The M»3Cq are in cube-on-cube ORS5 with 7 (see
Figure 7(c)), and no particular OR was detected with §.
ORS5 is common in austenitic stainless steel and has also
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Fig. 6—Microstructure of aged 2101 DSS at 963 K (690 °C) along 6/ phase boundary: (¢) TEM-HAADF micrograph of Cr,N on carbon re-
plica prepared from sample aged for 15 min; (b)) BF-TEM image of thin foil prepared from sample aged for 120 h and the corresponding SADP

(== [1100], [f001]; ).

been observed in 2205 DSS by Lee er al'®! and Chen
et al”

(001)y,,c,

(001), and [001]y, c,[[001],  [ORS]

From 15 minutes of aging, the precipitates and 7y,
grow simultaneously, as observed in Figure 7(b).
Unlike the y/0 and 6/0 interfaces, no precipitation
occurs during the first stage of aging at y/y interfaces.
Nevertheless, after several hours of aging, a low density
of Cr,N is detected at the y/y interfaces, mainly along
twins and at triple points. After 3300 hours of aging,
intragranular Cr-rich precipitates were also observed in
7 by SEM and indexed as Cr,N by EBSD, as observed
in Figure 8. The intergranular Cr,N at the y/y grain
boundary are indicated by the green arrows in the
same figure.

The intragranular Cr,N precipitate in particular
directions, as observed in the BSE image of
Figure 8(a). Precise OR4 is indexed by EBSD for
Cr,N strictly surrounded by y. However, the Cr,N
nitrides surrounded by oy are slightly disoriented from
OR4 with y but are in precise OR3 with oy. This process
most likely occurs during cooling because of the y to o',
transformation. Along initial y/y grain boundaries, the
same ORs were observed between intergranular Cr,N
and one of the y grains or with o’;. The Cr,N nitrides
observed along y-twin boundaries are in precise OR2
with the twin boundary.

The size distribution and fraction of the precipitates
were quantified using BSE-SEM as a function of the
aging time. Using BSE-SEM, no difference of chemical
contrast was observed between M,3C¢ and Cr,N.
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However, looking at the morphology, the growth of
the rod-like Cr,N with aging time is clearly observed
using SEM, and indexed using EBSD, e.g., after
3300 hours in the y (see Figure 8). Meanwhile, the
M,3C¢ appear to be of constant size after 15 minutes of
aging, as revealed by TEM observations. For example,
the measured mean diameters after 15 minutes and
10 hours are equivalent (see Figures 7(a) and (c)).
Therefore, the increase of the precipitate size and
fraction, represented in Figures 9 and 10, respectively,
is assumed to be the growth of the Cr,N nitrides only.

From 15 minutes to 3300 hours of aging, the mean
diameter of the precipitates increases linearly with the
logarithm of aging time, as observed in Figure 9(a).
Figure 9(b) shows that the distributions of the diameter
are wider with aging time. During the first stages of
aging, the number of nitrides is high with homoge-
neous size, and as aging continues, the density of
precipitates decreases due to coarsening, growth, and
dissolution in other phases. Figure 10 shows the
evolution of the precipitate volume fraction, which is
mainly attributed to the Cr,N fraction as explained
previously, which increases globally in two steps. The
first step, at approximately 0.7 pct after 2 hours of
aging, corresponds to the growth of Cr,N at §/0
interfaces and to the growth of precipitates at y/d
interfaces. Between 2 and 350 hours of aging, a plateau
is observed, most likely because the growth of Cr,N is
compensated by its absorption by the ¢ phase, mainly
along /0 interfaces. After this time, SEM observations
indicate that almost all of the Cr,N at J/0 interfaces
have been dissolved. The second step is due to the
Cr,N growth at y/d interfaces and the precipitation of
intragranular Cr,N in austenite.
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initial y/o
interface

Fig. 7—Microstructure of aged 2101 DSS at 963 K (690 °C) along 7/6 phase boundary: (¢) TEM-HAADF micrograph of Cr,N and M;3;Cq pre-
cipitates on carbon replica prepared from sample aged for 15 min; (b) SE-SEM image showing precipitates and y, growing in ¢ after 15 min of
aging; (¢) TEM-BF and SADP of intergranular M,3Cq in cube-on-cube OR with the y-grain, observed on a thin foil sample aged for 10 h.

Fig. 8—(a) BSE-SEM image and (b) EBSD band contrast map (with indexed Cr,N in green) of y-grains in 2101 DSS aged for 3300 h, corre-
sponding to the EBSD phase map of Fig. 5(b). In the BSE image, the Cr,N along the original y/y interfaces and the intragranular Cr,N appear
in dark contrast, and in the EBSD band contrast map, the «’j-martensite laths are apparent.
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Fig. 9—(a) Evolution of the mean diameter of the precipitates in the
2101 DSS as a function of aging time at 963 K (690 °C) and (b) cor-
responding precipitate size distributions determined experimentally
and fitted by log-normal laws.
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Fig. 10—Volume fraction of precipitates, which is mainly attributed
to the Cr,N fraction, in the 2101 DSS as a function of aging time at
963 K (690 °C), fitted with a double sigmoid.

IV. DISCUSSION

In this section, the mechanisms governing the
microstructural changes previously presented are dis-
cussed. Based on the detailed characterization, we will
describe the precipitation and phase transformations
occurring during aging at 963 K (690 °C). For the
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martensite originating from 7y transformation during
cooling, we consider that the ¢’y and o, experimentally
observed at room temperature are the Cr-depleted
primary y (y.c;) and 17, respectively, at 963 K
(690 °C). Note that lower Cr, N, and C contents result
in a decrease of y stability due to an increase of its Ms
temperature.*” Depending on the depletion of alloying
elements, y can partially or completely transform into
martensite during cooling.

At 963 K (690 °C), the mechanisms of precipitation
and phase transformation are diffusion dependent. We
will use the diffusion kinetics of the alloying elements
described in the literature and the estimated solubility of
the interstitial elements N and C to support our analysis.
The orders of magnitude of the radial diffusion distances
for Cr, Ni, N, and C according to aging time are
presented in Figure 11. The kinetics of diffusion of all
the substitutional elements is assumed to be of the same
order of magnitude,** and with the kinetics of diffusion
in pure iron and stainless steels being very similar,”* the
chemical diffusion coefficients were acquired from data
for pure iron.*® Diffusion is faster in bee-ferrite than in
fcc-austenite because of the higher density of the
fee-structure. Starting at a few minutes of aging,
interstitial elements can diffuse in the entire grains for
both y and ¢ phases. Thus, the diffusion of C and N can
be considered infinite, and their concentrations can be
considered homogeneous in each phase. The diffusion of
substitutional elements is much more sluggish, and
radial diffusion reaches the grain size after approxi-
mately 100 hours in ¢ and 10000 hours in y. On the
other hand, the solubility limits of N and C in y of the
studied 2101 DSS were calculated at 963 K (690 °C)
with Thermo-Calc software: [C], = 0.02 at. pct and
[N], = 0.12 at. pct. In 0, the solubility is commonly
assumed to be ten times lower and may be assumed to be
zero. The solubility at 963 K (690 °C) is thus low
compared with the amount of N and C in the as-received
material (see Tables I and II). The excess of N and C
tends to precipitate.

The mechanisms of microstructural evolution during
non-interrupted aging at 963 K (690 °C) are first dis-
cussed separately at y/d, 6/, and y/y interfaces. Then,
the evolution of the microstructure after water quench-
ing is described as a whole, and the interaction of all the
mechanisms is discussed.

A. Microstructural Mechanisms at y/ Interfaces

The evolution of the microstructure at y/d interfaces is
schematically represented in Figure 12. The fast nucle-
ation of Cr,N and M,3Cq at phase boundaries is due to
the high coherency between the crystal lattices of the
precipitates and the crystal lattices of the matrix phases,
0 or 7. Indeed, OR3, OR4, and ORS5 between the
precipitates and the matrix phase are characterized by
parallel close-packed planes and directions, resulting in
a low interfacial energy.

The nucleation of Cr,N and Cr-rich M»;Cy attracts
substitutional elements, mainly Cr, from short-path
diffusion. At the vicinity of the y/d phase boundary, the
Cr depletion is located first in § because Cr diffusion is
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faster in 0 than in y. As Cr is a ferrite stabilizer, the &
depleted transforms into y, due to the growth of y in d.
Thus, a cooperative growth of the precipitates and of y,
is observed, and the ¢ transformation at the y/d interface
is globally described as

0— Vo + M23C6 + Cr,N

The newly formed 7, is poorer in Cr than the primary
7. The C and N contents in the material are also globally
lower, consumed by precipitation.

From Figure 11, the expected width of the Cr-de-
pleted 4 is 0.1 to 0.2 um after 15 minutes of aging, which
is consistent with the width of 7, shown in Figure 7(b).
This result confirms that the diffusion of Cr in ¢ is the
limiting factor of the J transformation. In Figure 12, the
migration of the y/d interface is schematically presented
in b and c, pinned on precipitates. No discontinuous or
lamellar precipitation has been observed between the
precipitates and the matrix, as sometimes reported for

100« /NB’/Ca C, N,
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Fig. 11—Auverage radial diffusion distance of different alloying ele-
ments during aging at 963 K (690 °C) in y and 6. The chemical dif-
fusion coefficients were obtained from “Diffusion in Solids Metals

and Alloys™ 5%

DSS in the literature.!” Cr,N grow along the interface in
0, whereas M»;Cq stop growing after as little as
15 minutes of aging, most likely because no additional
supersaturated C remains in the solid solution due to the
low carbon content in the as-received material.

At the y,/0 interface, it is possible that the excess of o
stabilizing elements in y,, such as Cr and Mo, diffuses
into the adjacent J, while the excess of Ni in ¢ is
absorbed by y,. Because o stabilizers are globally o
stabilizers, the ¢ phase precipitates in ¢ once the N, C,
and Ni contents in ¢ are low enough, as these elements
prevent the precipitation of the o phase.?****! In the
investigated 2101 DSS, this precipitation occurs between
10 and 24 hours of aging at 963 K (690 °C). The ¢ phase
nucleates in OR1 with 7, for which the crystallographic
coherency is better than with . The ¢ phase grows in ¢
because of the higher Cr and Mo contents and the
higher diffusivity of substitutional elements in ¢ than in
. This process occurs by a second transformation of the
o-ferrite (see Figure 12(e)):

00— 0+

During the migration of the phase boundary, Cr, Mo,
and Si are absorbed by the ¢ phase, while Ni is rejected
to 7,. This transformation is known to occur in
higher-alloyed DSS, and some authors refer to an
eutectoid decomposition of .03 Mn does not
appear to affect the nucleation and growth of the o
phase as the Mn content in the ¢ phase is only slightly
higher than in ¢ for the as-received material. As the Cr
content in the ¢ phase is high, y, becomes increasingly
depleted in Cr with aging time. The chemical measure-
ments presented in Table III also reveal the long-range
Mn and Ni diffusion from é to y, and the Cr diffusion
from ¢ to ¢ phase. Therefore, the chemical driving force
of the o-transformation decreases until it stops. This is
experimentally observed for aging times longer than
100 hours, with a volume fraction of y, that is no longer
increasing (considering fv,, (1) = fvs(to) — fvs(t) — fvo(1)
as the o phase grows only in J, values of 14, 15, and
14 pet for fv,,(¢) are calculated for + = 120, 350, and

. Aging
t :. 0 10 .mm 1O.h 100. h 100(.) h time_
T T T T I -
Cr,N v
I'd 2 o) o)
M,,Cq / r'd
«— 71>
Y o Y o 7 0 > o Y o
fYZ Y—Cr
(a) (b) () (d) (e) T=963K

Fig. 12—A schematic illustration of the microstructural evolution of 2101 DSS during aging at 963 K (690 °C) at y-austenite/d-ferrite interfaces

(y.cr represents the Cr-depleted primary y).
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3300 hours of aging, respectively, from the data pre-
sented in Figure 4).

An increase of the o-phase volume fraction and
changes of the o-phase and 7, morphologies are never-
theless observed for longer aging times because of the
coarsening and growth of g-phase islands. This mech-
anism is associated with the Cr depletion of the primary
v, which is fully described in Section IV-C.

B. Microstructural Mechanisms at 6/ Interfaces

A schematic representation of the microstructural
evolution at §/6 boundaries is presented in Figure 13.
Similar to y/0 interfaces, the fast nucleation of Cr,N is
due to the high coherency between Cr,N and 6. With N
diffusion being fast in the iron matrix, Cr limits the
kinetics of precipitation and is absorbed from short-path
diffusion during Cr,N growth, leading to Cr-depleted ¢
at the vicinity of grain boundaries. However, no 7y,
formation is observed along ¢/6 interfaces, and there is
no o transformation, as observed at ¢/y interfaces. The
interfacial energy required for y, nucleation is most
likely too high.

The precipitation of the ¢ phase is observed after
24 hours of aging at the 6/0 grain boundary. The N
content is low in o, and the amount of Cr available is
larger at /0 than at J§/y interfaces. A likely scenario is
that supersaturated N in J is completely consumed by
Cr,N precipitation, and N becomes the limiting factor in
the Cr,N growth. The Cr contents in ¢ would again be
homogeneous, and the N content is very low, allowing
the ¢ phase to nucleate at 6/Cr,N interfaces in OR5 with
0.

The o phase grows along J/J interfaces, where the
diffusion is faster, and expands into the two adjacent
o-grains, absorbing Cr from the surrounding ¢ and
absorbing Cr,N. The dissolution of trapped Cr,N
provides an excess of N, leading to the y, nucleation.
Based on the experimental results, a similar reaction to
the second o transformation at J/y interfaces is
proposed:

0+CrN — o+ 7,

The diffusion mechanisms are similar to those
explained in Section IV-A, and the sequence is summa-
rized in Figures 13(c) through (e). Villanueva et al.l”!
demonstrated that the kinetics of g-phase precipitation
is faster in DSS than in ferritic stainless steels because
the presence of austenite promotes o-phase precipitation
through a eutectoid transformation facilitated by the
growth of austenite. Considering this point and the
EBSD maps obtained in this study, it appears that in
2101 DSS, the ¢ phase nucleates preferentially at y/o
interfaces and then propagates along ¢/0 grain bound-
aries following the ¢ transformation above, where a
large amount of Cr and N is provided by Cr,N
dissolution.

C. Microstructural Mechanisms at y|y Interfaces and in y

Cr,N nitrides are observed at y/y grain boundaries
after 10 hours of aging at 963 K (690 °C). Although the
crystallographic coherency is high between Cr,N and 7,
precipitation is more sluggish than at /0 and §/6
interfaces. Indeed, diffusion in austenite is more than
100 times slower than in ferrite. The radial diffusion
distance of Cr in y after 10 hours at 963 K (690 °C),
estimated from Figure 11, is approximately 50 nm. This
result is consistent with the length of Cr diffusion in ¢
corresponding to the early stages of precipitation
observed at y/0 and 6/ after a few minutes of aging
(see Figure 11).

At y/y interfaces, CroN nitrides are first observed at
triple points, then on classic grain boundaries, and then
on twin boundaries, in good agreement with the
increasingly lower interfacial energies of these three
nucleation sites. Finally, intragranular precipitation in y
occurs after more than 1000 hours of aging as the
nucleation energy required is high. A schematic repre-
sentation of the sequence of microstructural evolution is
presented in Figure 14. No M,3C¢ carbides were
detected at y/y interfaces, which supports the hypothesis
that no additional C is available in the material due to
its consumption by M,3C¢ precipitation at y/0 phase
boundaries.

t=0 10 min 10h 100 h 1000 h
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Fig. 13—A schematic illustration of the microstructural evolution of 2101 DSS during aging at 963 K (690 °C) between two J-ferrite grains.
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Fig. 14—A schematic illustration of the microstructural evolution of 2101 DSS during aging at 963 K (690 °C) between two austenite grains

(y.cr represents the Cr-depleted primary 7).

After 100 hours of aging at 963 K (690 °C), the
primary 7y is locally Cr depleted along 7/y grain
boundaries and around the intragranular Cr,N (see
Figure 5(b)). The N and C contents are also globally
lower in y due to precipitation at all the interfaces. The
Cr-depleted primary y is metastable and transforms into
o’y martensite during cooling.

At y/y boundaries, two mechanisms lead to the
depletion of Cr: the precipitation of Cr,N and, probably
the most important mechanism, the growth and coars-
ening of the ¢ phase in ¢. Indeed, after 3300 hours of
aging, a large volume fraction of y is Cr depleted,
whereas the Cr,N fraction at y/y interfaces is weak. In
addition, the Cr depletion of the primary 7y occurs
mainly during the growth and coarsening of the ¢ phase
after more than 100 hours of aging. With the fraction of
7, being constant, a significant amount of Cr is required
for o-phase growth and coarsening and is provided by
the primary 7.

The growth of the ¢ phase in ¢ attracts Cr from
long-path diffusion along y grain boundaries, as inter-
granular diffusion is much faster than volume diffu-
sion.*” The time required for Cr diffusion along 7/y
boundaries may be neglected compared with the time
required for the volume diffusion of Cr in y to reach the
grain boundary. Using SEM-EDS maps, the width of
this Cr-depleted y zone was estimated to be approxi-
mately 0.5 um after 120 hours of aging, and the width of
y transformed in o; along y/y interfaces after 3300 hours
of aging is approximately 2 um, as estimated from
EBSD maps (see Figure 1(f)). These results are in good
agreement with the radial diffusion distance of Cr in y
presented in Figure 11. This result confirms that the
amount of primary y transformed in o’; during cooling is
limited by the Cr diffusion during aging at 963 K
(690 °C).

D. Aging of 2101 DSS: A Global Perspective
The mechanisms that govern the microstructural

evolution of 2101 DSS during aging at 963 K (690 °C)
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were described separately for the three interfaces.
However, these mechanisms are not independent and
are jointly discussed in this section. The microstructural
evolutions will be presented after quenching at room
temperature as will their respective effects on the TEP.
For this purpose, the curves of the measured phase
fractions presented in Figures 4 and 10, the TEP curve
presented in Figure 3, and all the microstructural
evolutions summarized in Figure 15 are compared.

The precipitation of Cr,N at y/6 and 6/0 interfaces
and of M»;Cq4 at /0 interfaces is observed after a few
minutes of aging at 963 K (690 °C). The increase of the
precipitate fraction (1) in Figure 10 after a few minutes
up to 2 hours of aging is in good agreement with the
increase of TEP (i) observed in Figure 3. Indeed, N and
C in solid solution have a negative effect on the TEP of
iron.?"2*" The precipitation of Cr,N and M,;Cq
decreases the amount of N and C in solid solution,
leading to an increase of the TEP of the material. This
effect was also reported by Caballero et al.l*! for M»;Cq
in martensitic stainless steel.

The growth of precipitates is accompanied by a
transformation of J in y, at y/d interfaces, resulting in Cr
depletion due to Cr,N and M,3C¢ precipitation (see
Figures 15(b) and (c)). The growth of M»3Cg4 neverthe-
less stops after less than 1 hour of aging. As v, is less
alloyed than the primary 7y, especially in Cr, 7y, is
metastable and partially transforms into o> martensite
during cooling. After approximately 10 hours of aging,
a low density of Cr,N is also observed at y/y interfaces,
which is consistent with the kinetics of Cr diffusion in y.

For aging times between 10 and 24 hours, the ¢ phase
nucleates at y/d and 6/0 interfaces and grows through a
second transformation of ¢ in the ¢ phase and 7y,. This
transformation occurs mainly at y/0 phase boundaries
and is promoted along J/6 grain boundaries by the
absorption of Cr,N, which provides Cr and N for the ¢
phase and y,, respectively (see Figures 15(d) and (e)).
The dissolution of Cr,N most likely causes the plateau
observed in the curve of the precipitate fraction
(Figure 10(2)). This second ¢ transformation is
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Fig. 15—A schematic illustration of the global microstructural evolution of 2101 DSS observed at room temperature after aging at 963 K

(690 °C) followed by water quenching.

accurately followed in the TEP evolution, which
decreases drastically from 16 to 250 hours (zone (ii) in
Figure 3). In this range of aging times, the effect of this
transformation on the TEP is predominant on the effects
of the other mechanisms, such as the growth of the
precipitates. The decrease of TEP caused b?/ g-phase
precipitation was also reported by Lara et al.*¥ during
aging of a 2205 DSS. Thereafter the ¢ transformation
stops before all the ¢ ferrite is consumed, contrary to
what is observed during aging of 2205 and 2507
DSS.

The increase of the Cr,N fraction (3) in Figure 10 is
due to the growth and coarsening of Cr,N at y/é and y/y
interfaces and to the precipitation of intragranular Cr,N
in y, which, in combination with the growth and
coarsening of the o phase, leads to a gradual depletion
of the primary y. The primary y transforms into o, at
y/6 phase boundaries, at y/y grain boundaries, and
around intragranular Cr,N from 100 hours up to
3600 hours of aging, as represented in Figures 15(e)
and (f). The decrease of the y fraction and the increase of
the o’ fraction in Figure 4 are correlated with the sharp
increase of the TEP (iii) in Figure 3. For this range of
aging times, the effect of this martensitic transformation
is more important than the effect of the growth and
coarsening of the ¢ phase on the TEP. The second
increase of the precipitate fraction may also contribute
to the increase of TEP; however, its effect should be
much lower than the martensitic transformation,
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considering the increase of TEP (i) and (iii) and the
large amount of y transformed into «’; after cooling
from 250 to 3300 hours of aging. The positive effect of
the y-to-o transformation on the TEP contradicts the
results of Caballero et al.,[43] which indicated that the
presence of y at the expense of o increases the TEP in a
stainless steel.

After 3300 hours of aging at 963 K (690 °C), the
trend of the TEP curve indicates that the 2101 DSS did
not reach equilibrium. Furthermore, the large propor-
tion of remaining o-ferrite is far from calculated
equilibrium using the Thermo-Calc software (see
Figure 2). For longer aging times, the expected
microstructural changes are the growth and coarsening
of the ¢ phase and Cr,N combined with Cr depletion of
all the primary y after approximately 10,000 hours in
view of Figure 11. After cooling, the primary y will be
completely transformed into o; martensite.

V. CONCLUSIONS

The complementary nature of the analysis techniques
used provides an accurate understanding of the
microstructural evolution of 2101 DSS during long-term
aging in the embrittlement nose temperature range. TEP
measurements were used as a tool to identify the time at
which modifications in the microstructure occurs and to
select specific aging time. A multi-scale electron
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characterization at given time, allows a clear and
quantitative description of the mechanisms of precipi-

ta

tion and phase transformation occurring. The com-

plex evolution of the microstructure was understood
with the coupling of those two methods. All the
microstructural evolution mechanisms occurring during
aging are mainly controlled by chromium diffusion.

1.

Rapid precipitation of Cr,N and M»3Cg occurs after
only a few minutes of aging. At the y/0 phase
boundary, o-ferrite transforms following ¢ — 7, +
M,3C¢ + Cr,N, whereas at the 6/0 grain boundary,
only Cr,N precipitate. Precipitation is more slug-
gish at the y/y grain boundary, where Cr,N were
observed later after 10 hours of aging.

M,3C¢ have a triangular morphology and stop
growing after a relatively short aging time, unlike
Cr,N, which have a rod-like morphology and grow
continuously. The fraction and density of Cr,N are
much higher than that of M,;Cs.

The local composition changes due to the precipi-
tation lead to o-phase nucleation at both y/é and 6/
interfaces after 24 hours of aging; the ¢ phase grows
through the transformation 6 — y, + . Compared
with classic DSS, the increase of the N content and
the decrease of the Cr and Mo contents in 2101 lean
duplex are not sufficient to avoid g-phase precipi-
tation; however, its nucleation is considerably
retarded and the J transformation stops before the
complete consumption of the o ferrite.

Both the y, formed during the ¢ transformations
and for longer aging times the primary 7, depleted in
chromium by Cr,N and the o-phase growth, are
metastable and transform into martensite during
cooling. 2101 DSS is thus sensitive to martensitic
transformation after aging.

After 3300 hours of aging, the 2101 DSS is still not
at equilibrium, with 15 pct J, 23 pct ¢ phase, 17 pct
v, and 44 pct martensite after cooling.
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