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The precipitation kinetics and formation mechanisms of ¢ phase during isothermal holding of a hyper duplex
stainless steel in the temperature range from 750 °C to 1025 °C were studied by means of in-situ high energy X-
ray diffraction experiments. Rietveld analysis of the data determined the nose temperature as 900 °C where a ¢
phase fraction of 1 wt% is attained after 15 s. The measurements revealed a distinct change from initial interface
controlled nucleation of ¢ phase to a later stage of diffusion controlled growth during holding at 1000 °C after the
o phase fraction reaches half its final value. At lower holding temperatures the change from interface control to
diffusion control happens more gradual and at later stages of the transformation. At these lower temperatures ¢
phase precipitation is accompanied by the formation of secondary austenite. Changes in ¢ phase formation
mechanisms and kinetics were correlated with variations in the morphology of the precipitates through SEM
analysis of quenched samples. Isothermal holding at 1000°C and 1025 °C as well as above the solvus temperature
of ¢ phase at 1120 °C leads to local fluctuations of austenite and ferrite phase fractions and the concomitant

movement of austenite/ferrite phase boundaries even when no overall change in the phase fractions occurs.

1. Introduction

Duplex stainless steels with about equal fraction of austenite and
ferrite offer attractive mechanical and corrosion resistance properties.
They possess higher strength than austenitic steels and better corrosion
resistance than ferritic steels [1]. To achieve a duplex steel micro-
structure, significant concentrations of both ferrite stabilizing elements,
mainly Cr and Mo and secondarily Si, as well as austenite stabilizing
elements such as Ni, Mn, N or Cu need to be added. To further enhance
the mechanical and corrosion resistance properties higher alloyed super
and hyper duplex stainless steels were developed [2]. Due to the high
alloying content and the chemical heterogeneities at ferrite austenite
boundaries, thermo-mechanical processing below the solutionizing
temperature may lead to the precipitation of intermetallic phases, ni-
trides or carbides [3-7]. The formation of the intermetallic ¢ phase is of
particular significance since it precipitates fast, can grow to significant

* Corresponding author.
E-mail address: roman.schuster@tuwien.ac.at (R. Schuster).

https://doi.org/10.1016/j.matchar.2023.113124

volumes and leads to deterioration of mechanical properties and
corrosion resistance of the steel [4,8-10].

Previous work on the precipitation of ¢ phase in duplex steels (e.g.
[6,11]) has shown that ¢ phase can precipitate at ferrite/austenite phase
boundaries, ferrite grain boundaries as well as in ferrite grains through a
eutectoid reaction, where ferrite transforms to ¢ phase and secondary
austenite. Continued growth of ¢ phase precipitates, that nucleated at
grain or phase boundaries, may be accompanied with the formation of
secondary austenite between o phase precipitates [8,12]. In highly
alloyed hyper duplex steels formation of noticeable quantities of ¢ phase
precipitates were reported after <60 s of isothermal holding. The
morphology of ¢ phase precipitates varies with the temperature during
formation, where lower temperatures lead to finer morphologies due to
slower diffusion of ¢ phase forming elements in ferrite [6,8,11].

In this context, precise characterization of the kinetics of ¢ phase
formation is necessary for a comprehensive understanding of the com-
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plex transformation processes in this high-alloyed steel system. This
paper focuses on the in-situ measurements of the kinetics of ¢ phase
formation during isothermal holding in a hyper duplex stainless steel.
Previous simulation and experimental studies determined different nose
temperatures between 936 °C and 950 °C [13-15]. The experimental
studies were performed using electron microscopy analysis of quenched
samples, which limits the precision of the time resolution of the pre-
cipitation process particularly in the early stages of ¢ phase formation.

Consequently, we performed in-situ X-ray diffraction experiments
during isothermal holding at temperatures between 750 °C and 1025 °C
utilizing high energy synchrotron radiation with high beam brilliance to
track the formation of 6 phase. The main advantages of this method over
conventional investigations of quenched samples are the high time
resolution necessary due to the very fast kinetics of the ¢ phase forma-
tion in hyper duplex steels, the opportunity to track the evolution of the
phase fraction development in the same sample over the whole heat
treatment, and the elimination of possible quenching effects. Similar in-
situ X-ray studies using low energy radiation have been performed on
lower grade duplex steels with slower kinetics of ¢ phase formation,
determining the kinetics of formation and dissolution of ¢ phase during
isothermal holding [16,17]. These studies revealed shortcomings of
experimental studies relying on conventional ex-situ ¢ phase charac-
terization performed on quenched samples. Our experiments using high
energy X-rays allow us to determine the ¢ phase formation kinetics in
hyper duplex stainless steel (HDSS) with exceptional time resolution in
large sample volumes and also avoid distortion by surface effects that
occur in low energy X-ray experiments. In addition, we performed ex-
situ quenching experiments to observe the variations of ¢ phase mor-
phologies resulting from changing ¢ phase formation mechanisms at
different holding temperatures and times.

2. Materials and methods
2.1. Material

The rolled HDSS samples investigated in this study were produced at
voestalpine BOHLER Edelstahl. The steel has the same chemical
composition as the steel investigated by Jacob and Povoden-Karadeniz
[18] (Table 1). Optical micrographs of the samples in the as received
state reveal the typical microstructure found in rolled duplex steels
(Fig. 1). The duplex microstructure consists of layered austenite elon-
gated in the rolling direction with a width of about 5 pm surrounded by a
ferrite matrix. The dilatometer samples were machined to cylinders with
4 mm diameter and 10 mm height, so that the long axis of the cylinder
was parallel to the elongation direction of the austenite domains.

The equilibrium phase fraction distribution including austenite,
ferrite, o phase and CroN were calculated for the investigated HDSS alloy
based on the Calphad assessment of the hyper duplex stainless steel
compositional system, using a refined version of the Matcalc steel
database mc_fe. [19]. The calculations show that the ferrite and
austenite phase fractions become equal at about 1000 °C, and ¢ phase
forms below about 1050 °C (Fig. 2).

2.2. In-situ diffraction experiments

The in-situ high temperature diffraction experiments were per-
formed at the High Energy Materials Science beamline (PO7b) operated
by the Helmholtz-Zentrum Hereon at the PETRA III storage ring of DESY
in Hamburg, Germany [20]. The heat treatments were conducted with a
modified Bahr 805A/D dilatometer, that allows to perform transmission

Table 1
Chemical composition of the investigated steel in wt%.

C Cr Ni Mo Cu Mn N Si Fe

<0.01 26.3 6.9 4.6 0.2 2.9 0.37 0.2 Bal.
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Fig. 1. Optical micrograph of an etched sample showing the as received
microstructure consisting of about 5 pm thick austenite domains (yellow) sur-
rounded by ferrite (blue) in about equal proportions. The image corresponds to
a section normal to the beam direction in the diffraction experiments. The
electrochemical etching was performed with a mixture of 5 parts distilled water
and 2 parts NaOH at 1.3 V for 5 s. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Computed Calphad-based equilibrium phase fractions as function of
temperature of the investigated HDSS showing the stability range of ¢ phase.
The temperature range of the isothermal holding experiments is marked by the
gray area. The solutionizing temperature is marked by a black line. (modified
after Jacob and Povoden-Karadeniz [18]).

XRD experiments during the aging experiments. The samples were held
between two quartz rods in the induction heating solenoid under vac-
uum. The temperature was controlled through S-type thermocouples
spot-welded to the sample adjacent to the measured sample volume. The
beam direction during the in-situ experiments was orthogonal to the
sample long axis and therefore orthogonal to the austenite elongation
direction. For the aging experiments all samples were initially heated to
1120 °C at a rate of 25 K/s. After holding at 1120 °C for 5 min the
samples were cooled with 50 K/s to the respective isothermal holding
temperature between 750 °C and 1025 °C, where they were held for
2000 s. The samples were then quenched to 40 °C. The thermocouple
data demonstrated that the actual temperature in the vicinity of the
beam shows only minute deviations from the set temperature.

The X-ray measurements were conducted with a monochromatic X-
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ray beam with 87.1 keV photon energy with a spot size of 700 x 700 pm
on the sample. Diffraction patterns were recorded every 4 s with a 2D
Perkin Elmer XRD 1621 flat panel detector at a distance of about 1390
mm from the sample. To measure the detector background noise, dark
current images were recorded with every diffraction pattern. This set-up
allowed to record the full Debye Scherrer rings up to 260 angles of 12°
corresponding to a wave vector of about 9.2 A~1. A secondary photon
energy of 174.2 keV with a far lower beam brilliance leads to another set
of Bragg peaks at half the diffraction angle of the peaks from the primary
beam energy (Fig. 3). These secondary Bragg peaks do not overlap with
the primary Bragg peaks used in the further analysis. During the heating
experiments X-ray measurements were taken for 1 s with a delay of
about 3.17 s between the individual measurements, resulting in 480
measurements during the 2000s long isothermal holding sections.

2.3. Evaluation of X-ray data

The 2D diffraction patterns were integrated over the full Debye
Scherrer rings with the software Fit2D [21] to obtain 1D diffraction
profiles. The 260 range between 1.7 and 11 ° was used for the evaluation.
This range excludes the strongest reflections produced by the 174.2 keV
photons at low angles as well as only partially recorded Debye-Scherrer
rings at the edge of the detector. The calibration of the sample to de-
tector distance and detector tilt angle was performed using the diffrac-
tion pattern of an untextured LaB® powder sample recorded under the
same conditions as the HDSS diffraction patterns. Fig. 3b shows two
integrated profiles from sample HD80O at different stages of the heating
experiment. Direct analysis of the diffraction profiles was performed
with the software Fityk [22], in order to check the quality of the inte-
gration and to observe the evolution of Bragg reflections. Phase analysis
and Rietveld refinement were performed with the software Highscore
Plus from the company Malvern Panalytical [23]. For the Rietveld
analysis lattice parameters, phase fraction and peak shape functions
were independently refined for each diffractogram using one set of
starting parameters for all measurements performed at the same holding
temperature. The background parameters were constant for all mea-
surements. This set-up allows to evaluate the evolution of the phase
fractions and the lattice parameters during isothermal holding with a
time resolution of about 4.17 s, while minimizing systematic deviations
between the measurements.

2.4. Ex-situ analysis

Short term holding experiments were performed with an equivalent
Bahr 805A/D dilatometer at the Institute of Materials Science and

N

b

intensity (a.u.)

1000

100

10

Materials Characterization 203 (2023) 113124

Technology at the TU Wien, Austria. The heat treatments were identical
to the in-situ experiments except that the holding times at 900 °C were
25, 50 and 75 s and at 1000 °C 600 s instead of 2000 s. Additionally,
longer holding experiments were performed at 750 °C for 3500 s and at
1000 °C for 5000 s to measure the phase fraction distribution after the
ferrite dissolution. Subsequent SEM analysis was performed with a Zeiss
Sigma 500 VP SEM located at the Institute of Materials Science and
Technology at the TU Wien.

Electron probe microanalysis (EPMA) on 15 ¢ phase precipitates in
the samples held at 900 °C for 75 s and at 1000 °C for 600 s was per-
formed using a CAMECA SX Five Field-Emission-Gun Electron Micro-
probe (CAMECA-Ametec, Gennevilliers, France) at the Faculty of
Geosciences, Geography, and Astronomy at the University of Vienna
(Austria). An accelerating voltage of 15 kV, a beam current of 20 nA and
a working distance of 10 mm were used.

3. Results
3.1. X-ray profile analysis

Analysis of the X-ray profiles reveals that ¢ phase precipitates during
isothermal holding at all investigated temperatures between 750 and
1025 °C and the austenite phase fraction increases at the expense of the
ferrite fraction after cooling from 1120 °C (Table 2). Significant Bragg
reflections that are not consistent with either austenite, ferrite or ¢ phase
are not observed, indicating that the fraction of other phases that may
form at these temperatures such as CraN or y phase are secondary to ¢
phase. The evolution of the austenite Bragg peaks reveals two distinct
temperature regimes. At holding temperatures < 950 °C the austenite
peaks develop prominent right shoulders coinciding with the emergence
of o phase peaks (Fig. 4). These shoulders are interpreted as pertaining
to secondary austenite generated by the reaction a—¢ + y which has a
smaller lattice parameter than the original austenite due to a different
chemical composition than the original austenite, leading to over-
lapping peaks from the original austenite fraction and the emerging
secondary austenite. Therefore, austenite peaks were fitted by two face-
centered cubic (fcc) phases with different lattice parameters in the
Rietveld analysis. The austenite fraction corresponding to the original
chemical composition is here referred to as y,. The evolution of y, during
the heating experiments is due to changes of the main austenite Bragg
reflections. The fraction with the smaller lattice parameter emerging
during the isothermal holding is referred to as y;. The y, fraction evo-
lution is due the emergence and growth of the right shoulders of the
austenite Bragg reflections. Modeling the Bragg reflections with Pseudo-
Voight functions in the Rietveld refinement allows to distinguish the

———————— 800°C start|
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Fig. 3. (a) 2D XRD diffraction patterns of the initial microstructure obtained at room temperature. (b) Integrated 1D diffraction profiles at the start and end of

isothermal holding at 800 °C.
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Table 2
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Sample list showing phase fractions in wt% at the start and end of the isothermal holding as well as the equilibrium phase fractions calculated with MatCalc including
ferrite, austenite, ¢ phase and Cr,N using a refined version of the Matcalc steel database mc_fe [19].

Name T(°C) Start holding End holding

Calculated

a y a

HD750 750 55 45 12.9
HD800 800 47.3 52.7 0
HD850 850 52.4 47.6 0
HD900 900 53.2 46.8 0.3
HD950 950 48.9 51.1 0.3
HD1000 1000 53.6 46.4 8.6
HD1025 1025 55.3 44.7 49.7

60.6 26.6 0 46 49 5
62.5 37.5 0 49 46 4
61.6 38.5 0 53 43 4
65.1 34.6 0 57 39 4
65.9 33.7 0 61 35 4
64.9 26.5 22 57 18 4
48.8 1.5 47 49 2 3

fcc 22

1000

bcc 211/c 271

bcc 200
G 143/062

6333

100

intensity (a.u.)
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Fig. 4. X-ray profiles of samples held at 750 °C (red) and 1000°C (black) in the
20 range between 5.6 and 7.1° after quenching to 40 °C. The austenite and
ferrite peaks are labeled as fcc and bec, respectively. The 220 austenite peak
shows a pronounced right shoulder at 750 °C. The ¢ phase peaks at 750 °C are
shifted to higher angles compared to 1000 °C. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

peak areas of the two austenite fractions. This permits to track the
evolution of y, and y, separately. The overall austenite fraction y,, is
the sum of y, and y,. In the high temperature regime with holding
temperatures of 1000 and 1025 °C the y, fraction is negligible. Here

ya =~ YSUJ‘VI'
3.2. Isothermal holding

The evolution of ferrite, austenite and ¢ phase fractions during
isothermal holding was quantified by applying Rietveld analysis to the
diffraction profiles and is discussed in the following. Fig. 5a shows the
phase fraction evolution during holding at 800 °C, which is typical for
the lower temperature regime (< 950 °C). At these temperatures the
growth of o phase begins to slow down when the a fraction has
decreased below about 10 wt%. In the samples held at temperatures
from 800 °C to 950 °C ferrite is almost completely consumed during the
2000 s long isothermal holding (Table 3). The fastest growth of ¢ phase
occurs at 900 °C (Fig. 6). The time-temperature precipitation diagram
for ¢ phase calculated from the Rietveld analysis results shows that at
900 °C 1% and 90% of the final o phase fraction are reached after 9 s and
127 s, respectively (Fig. 7). For holding temperatures from 800 °C to
950 °C 90% of the final o phase fraction is reached within 500 s (Fig. 7).
The growth of ¢ phase in the lower temperature regime (T < 950 °C) is

accompanied by an increase of the y,,, fraction. While the early growth
of y during isothermal holding pertains to the y, fraction, during the
growth of ¢ phase at the expense of a, the increase in y is due to the
formation of y,. Once the « fraction is below about 1 wt%, the ¢ phase
and y, fractions continue to grow slightly at the expense of y,. The
fraction of y;, at the end of the holding treatment generally increases
with increasing temperature from 750 to 950 °C, while the difference
between the lattice parameters of y, and y, decreases with increasing
temperature in this temperature range. The y, lattice parameter is about
0.6% smaller than the y, lattice parameter at 750 °C. This difference is
about 0.5, 0.5, 0.4, and 0.2% for 800, 850, 900 and 950 °C, respectively.

During holding at 1000 °C, the formation of ¢ phase slows down after
about 500 s when the « fraction is still ~20% (Fig. 5b). For the rest of the
holding time the ¢ phase fraction increases much slower and linearly
from 17% to 26.5% after 2000 s. The decrease of the ferrite phase
fraction coincides with a decrease in the ferrite lattice parameter, which
ends after about 800 s of holding, when the decrease of the ferrite phase
fraction slows considerably (Fig. 8). While the formation of ¢ phase is
accompanied by an increase of y also at 1000 °C this is due to an increase
of 7, while no significant fraction of y, is observed. Before the onset of &
phase formation the y and « fractions exhibit a slightly oscillating evo-
lution. Once a significant fraction of ¢ phase has formed, the evolution of
the y and « fractions continues smoothly as during holding at lower
temperatures. Increasing the holding temperature to 1025 °C greatly
delays the formation of ¢ phase and the ¢ phase fraction reaches only
1.5 wt% after 2000 s (Fig. 5¢). The austenite and ferrite fractions exhibit
an undulating behavior during the holding treatment that is more pro-
nounced than at 1000 °C. The ferrite fraction decreases from initially
56% until an approximately even fraction of austenite and ferrite is
reached after about 100 s. While no substantial long term change in this
fraction occurs during the 2000 s holding, the ferrite fraction fluctuates
between 49 and 54% (Fig. 5c). This undulating evolution of the
austenite and ferrite phase fractions occurs also during the solutionizing
treatment at 1120 °C before isothermal holding (Fig. 5d). Furthermore,
the lattice parameter of ferrite fluctuates markedly during isothermal
holding at 1025 °C and during solutionizing at 1120 °C (Fig. 8). The
fluctuations are more shallow at 1000 °C and vanish at lower isothermal
holding temperatures where the lattice parameter of ferrite decreases
smoothly.

3.3. Effect of quenching after isothermal holding

Quenching to 40 °C after isothermal holding does not lead to a sig-
nificant change in the phase fraction distribution in samples held at
temperatures from 800 to 950 °C where the ferrite fraction decreased
below 0.5 wt% during the holding treatment. In the samples HD750 and
HD1000 held at 750 and 1000 °C, respectively, which contained at the
end of the holding treatment 12.9 and 8.6 wt% of ferrite, respectively,
both ¢ phase and austenite fractions increased during quenching (Ta-
bles 3, 4). In sample HD750 y,,,, increased from 60.6 to 62 wt% and ¢
phase increased from 26.6 to 27 wt%. In sample HD1000 y,,, increased
from 64.9 to 66.6 wt% and ¢ phase increased from 26.5 to 27.6 wt%. No
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Fig. 5. Evolution of matrix phases and o phase during during isothermal holding at (a) 800 °C, (b) 1000 °C (c) 1025 °C, and (d) 1120 °C. (a) At holding temperatures
< 950 °C the initial increase in the overall austenite fraction y,,, corresponds to the fraction with the original lattice parameter y,. y, develops only with significant ¢
phase fraction. (b) Growth of ¢ phase at 1000 °C slows down at markedly higher ferrite fractions compared to lower holding temperatures. No significant fraction of
7, develops. Austenite and ferrite fractions oscillate slightly before the onset of ¢ phase formation. (c) ¢ phase growth at 1025 °C is greatly decelerated. Ferrite and
austenite fractions oscillate around ~50% phase fraction. (d) Oscillating behavior of austenite and ferrite phase fractions at 1120 °C. The corresponding plots
showing the phase fraction evolution during holding at 750, 850, 900 and 950 °C are shown in the supplementary material.

Table 3

Phase fractions in wt% at the end of the isothermal holding as well the lattice parameters at the end of the isothermal holding. The lattice parameter values for a for
samples HD800, HD850, HD900 and HD950, for y; for samples HD1000 and HD1025 and for ¢ phase for sample HD1025 are omitted because the respective phase

fractions are too small for the lattice parameter refinement.

Name Phase fractions (wt%) Lattice parameters A)
a Ya b o a(a) ay,)) ay,) a(o) (o)

HD750 12.9 53.3 7.3 26.6 2.905 3.666 3.644 8.896 4.642
HD800 0 53.8 8.7 37.5 3.671 3.651 8.907 4.649
HD850 0 46 15.6 38.5 3.675 3.657 8.917 4.655
HD900 0.3 53.4 11.7 34.6 3.677 3.661 8.928 4.661
HD950 0.3 52.6 13.3 33.7 3.679 3.668 8.935 4.667
HD1000 8.6 64.2 0.7 26.5 2918 3.682 8.950 4.675
HD1025 49.7 48.8 0 1.5 2.924 3.689

investigated sample shows a significant increase of the ferrite fraction
during quenching through the ferrite stability field below about 650 °C.

3.4. Observations of different o phase growth mechanisms

3.4.1. Lattice parameters and chemical composition of ¢ phase after
quenching

The lattice parameters of ¢ phase after quenching are sensitive to the
holding temperature during aging. The a and c lattice parameters in the
sample held at 1000 °C are about 0.1% and 0.08%, respectively, larger
than in the lower temperature regime (Table 4). Such a difference is not

observed between the « and y, lattice parameters after quenching.
Measurements of the chemical composition of ¢ phase by EPMA in
samples held at 1000 °C for 600 s and 900 °C for 75 s substantiate the
compositional differences. The Mo concentration in sigma phase de-
creases from 9.2(3) wt% in the sample held at 1000 °C to 7.9(3) wt% in
the sample held at 900 °C whereas the Cr concentration decreases
slightly from 30.4(2) to 29.8(2) from 1000 to 900 °C. Conversely, the Fe
concentration increases slightly from 52.1(3) to 53.4(5) from 1000 to
900 °C and the Ni concentration increases from 4.3(1) to 4.7(2).
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Fig. 6. Evolution of the ¢ phase fraction during isothermal holding at tem-
peratures from 750 °C to 1025 °C showing characteristic sigmoidal precipita-
tion kinetics. The fastest formation occurs at 900 °C. Samples held at 950 °C
and 1000 °C show fast initial growth of ¢ phase and subsequently slower
linear growth.

1000 —mea
950 oA v
900 " e v
g \ i
- N
850 . es v
e 1%
8004 | ® 5% n_ea v
A 10%
v 90%
750 B OA
1 10 100 1000

Holding time (s)

Fig. 7. Time-temperature-precipitation diagram showing the time needed for
the precipitation of 1, 5, 10 and 90% of the final ¢ phase fraction. The final
fractions for 750 °C and 1000 °C after the dissolution of ferrite were measured
as 33 and 32% by image analysis from longer ex-situ holding experiments since
the transformation was not completed after 2000 s at these temperatures. The
nose temperature is around 900 °C. Lines are guides to the eye.

3.4.2. Relative abundance of o phase and austenite during holding

The relative abundance of ¢ phase and the fraction of austenite that
forms during holding changes during the holding treatment. To evaluate
this change we define 6/Ay,,,(t) as the ratio between the ¢ phase frac-
tion and the fraction of y,,, that has formed between the start of the
isothermal holding and time t. In the temperature range from 850 °C to
950 °C 6/Ayg,, reaches a maximum early during the holding treatment
after an initial increase (Fig. 9). The initial increase of the ratio begins
when o phase starts to precipitate at ferrite/ferrite and ferrite/austenite
boundaries after the austenite fraction has already increased, when the
sample is cooled from the solutionizing temperature to the respective
holding temperature. It subsequently decreases to a value slightly below
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Fig. 8. Evolution of the ferrite lattice parameter during holding at 750 °C,
1000 °C, 1025 °C and 1120 °C. The oscillating behavior of the ferrite lattice
parameter at 1025 °C and 1120 °C is markedly diminished at 1000 °C and
absent at 750 °C. The corresponding evolution of the austenite lattice parameter
is shown in the supplementary material.

the maximum value. This decrease occurs when the eutectoid decom-
position of ferrite starts where secondary austenite is created alongside o
phase. At 850 °C the ratio is then constant for the rest of the holding
treatment, whereas at 900 °C and 950 °C the ratio increases slowly and
linearly for the duration of the holding treatment. At 900 °C the
maximum is reached after 50 s and a ¢ phase fraction of 18 wt%, at
850 °C the maximum is reached after 170 s and a ¢ phase fraction of
33.8 wt% and at 950 °C the maximum is reached after 120 s at a o phase
fraction of 23.2 wt%.

3.4.3. Ex-situ SEM analysis

To observe the microstructural differences concomitant with the
change of ¢ phase formation we also performed ex-situ SEM analysis on
samples held for different times at 900 °C as well as one sample held at
1000 °C for 600 s (Fig. 10). The samples held at 900 °C were quenched to
room temperature after 25, 50 and 75 s, respectively, which corresponds
to the states before the maximum, at the maximum and shortly after the
maximum, respectively in Fig. 9. The ¢ phase fractions obtained by
image analysis from back-scattered electron images agree well with the
XRD results. The obtained area fractions for the samples held at 900 °C
for 25, 50 and 75 s are 3, 19 and 23%, respectively, compared to 4, 17.5
and 26.3 wt%. respectively, from the XRD results. For the sample held at
1000 °C for 600 s the obtained area fraction is about 20% and the XRD
evaluation gives 20 wt%. After holding for 25 s at 900 °C and subsequent
quenching ¢ phase precipitates are observed in the form of a few pm
thick rims between ferrite/ferrite and some ferrite/austenite bound-
aries, while ¢ phase precipitates in the grain interior are not observed
(Fig. 10). After 50 s i.e. at the 6/Ayg,,, maximum the rims occur at most
ferrite/austenite boundaries and become thicker by growing into the
ferrite grains. Lamellar ¢ phase precipitates are prevalent in the ferrite
interior and some fine grained domains of ¢ phase and austenite pre-
sumably formed by eutectoid transformation can be observed in ferrite
grains. At a holding time of 75 s after the maximum in Fig. 9 the
microstructure is similar to the microstructure observed after 50 s, but
lamellar and eutectoid ¢ phase morphologies are observed more
frequently. The sample held at 1000 °C exhibits ¢ phase only in the form
of rims between boundaries even after 600 s, where the phase fraction of
o phase is 20 wt%.
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Table 4
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Phase fractions in wt% and lattice parameters after quenching to 40 °C. The values for sample HD950 are omitted because the sample was reheated above the solvus
temperature of ¢ phase after the isothermal holding at 950 °C to dissolve the ¢ phase. The lattice parameters for a for samples HD800, HD850 and HD900, for y, for
samples HD1000 and HD1025 and for ¢ phase for sample HD1025 are omitted because the respective phase fractions are too small for the lattice parameter refinement.

Name Phase fractions (wt%) Lattice parameters (A)
a Ya b 4 a(a) a(r,)) a(ry) a(o) (o)

HD750 11 51.1 10.9 27 3.620 3.601 2.875 8.797 4.585
HD800 0.3 54.2 8.3 37.2 3.621 3.599 8.798 4.585
HD850 0 48.4 135 38.2 3.620 3.600 8.798 4.584
HD900 0.1 50 15.7 34.2 3.619 3.604 8.802 4.586
HD1000 5.9 65 1.6 27.6 3.618 2.872 8.809 4.589
HD1025 46.9 49 2 2 3.624 2.879

HD750
HD800
HD850
HD900
HD950

< HD1000
> HD1025

RN
U LA

1500
Holding time (s)

Fig. 9. Evolution of the ratio of ¢ phase over Ay,,,, where Ay, is the fraction
of ¥4, that forms during isothermal holding.

4. Discussion
4.1. Assessing ¢ phase formation kinetics at the nose temperature

Formation of ¢ phase in our experiments occurs significantly faster
and the transformation has a lower nose temperature than reported in
earlier experimental studies on the formation of ¢ phase during
isothermal heat treatment of HDSS that employed ex-situ SEM analysis
on quenched samples [13,14]. Kim et al. [13] investigated a HDSS with
in part higher concentrations of elements promoting ¢ phase formation
(+0.9 wt% Cr, +0.1 Si, —2.03 wt% Mo and + 3.38 wt% W). These au-
thors proposed a longer duration than the present study, 69 s, to reach a
o phase fraction of 1 vol% at a nose temperature of 936 °C (900 °C in the
present study). Zhang et al.[14] investigated the HDSS UNS S32707
which also has a slightly higher concentration of ¢ phase forming ele-
ments (+0.53 wt% Cr, +0.23 wt% Si and + 0.27 wt% Mo). They also
reported a higher nose temperature of 950 °C than the present study
with a moderately slower formation of ¢ phase than at the nose in the
present study despite the higher alloying grade. It is notable that the
investigation by Zhang et al. [14] was performed using significantly
coarser microstructures with austenite lamellae of about 25 pm

Fig. 10. Back-scattered electron images of samples held at 900 °C for (a) 25 s, (b) 50 s, and (c) 75 s, and (d) 1000 °C for 600 s. The bright regions are ¢ phase.
Austenite grains can be identified by the frequent twin boundaries. The wire drawing direction is vertical.
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thickness, where the lower ferrite/ferrite and ferrite/austenite boundary
densities may delay the formation of ¢ phase particularly in the early
stages compared to the finer microstructure in the present study. Pardal
et al. [24] observed such a size effect on the kinetics of ¢ phase pre-
cipitation in a super duplex steel which leads to a slower onset of ¢ phase
formation and slower growth in coarser microstructures.

Elmer et al. [16] performed an in-situ XRD study on the formation of
o phase during isothermal holding in a lower grade duplex steel using
reflection geometry. They observed faster ¢ phase formation than in
studies on similar steels that quantified the ¢ phase fraction by micro-
scopy after quenching. Elmer et al. [16] argued that the apparent slower
kinetics particularly in the early stage of transformation found in the
studies using metallographic analysis of quenched samples may be due
to the lower accuracy, poor statistics and the difficulty of observing
small ¢ phase precipitates. On the other hand, they also cautioned that
their own results might be influenced by surface effects due to the low X-
ray penetration depth in their experiments. However, such an effect can
be ruled out for our experiments that employed high energy X-ray
diffraction of bulk samples in transmission and probed large sample
volumes. Furthermore, the fast kinetics of ¢ phase formation in HDSS
exacerbate the limitations of determining phase fractions by ex-situ
metallographic techniques, since the quenching duration is long
enough that substantial ¢ phase growth occurs in samples with signifi-
cant ferrite content. Moreover, the discontinuous measurements after
quenching do not allow for a sufficiently fine time resolution. These
experimental constraints of ex-situ studies on precipitation kinetics
especially regarding time-sensitive early stages should be recognized
and taken into account in the calibration of kinetic models of precipitate
formation.

4.2. Effect of moving boundaries on chemical heterogeneities at elevated
temperatures

The observed oscillations of ferrite and austenite phase fractions
during holding at the solutionizing temperature of 1120 °C and at
1025 °C and at the early stages of 1000 °C demonstrate that the interface
boundaries between the matrix phases are not static even when no major
changes in the phase fractions occur. Since the chemical compositions of
ferrite and austenite in duplex steels are significantly different [4,6,18],
such boundary movements necessarily lead to chemical heterogeneities
at and near the boundaries, which will influence subsequent precipita-
tion of ¢ phase. Chemical variations in ferrite are confirmed by the os-
cillations of the ferrite lattice parameter during holding between
1120 °C and 950 °C, where the amplitude of the oscillations increases
with increasing temperature. These variations in the size of the ferrite
lattice parameter are interpreted as changes in the average chemical
composition of ferrite.

Heterogeneous distributions of ¢ phase forming elements such as Cr,
Si and Mo that develop during solutionizing in particular in the vicinity
of ferrite/austenite boundaries may play a significant role in the fast
formation of ¢ phase in the early stages of isothermal holding. Thus it is
proposed that models of ¢ phase precipitation in duplex steels consider
that early stage precipitation occurs in ferrite regions that are not in
chemical equilibrium.

4.3. Effect of o phase formation mechanisms on precipitation kinetics

The changes of ¢ phase formation mechanisms with temperature and
holding time need to be considered to understand ¢ phase formation
kinetics. The absence of secondary austenite in samples held at 1000 °C
and 1025 °C shows that concurrent formation of secondary austenite
and o phase becomes feasible only at temperatures below 1000 °C in our
material. Jacob and Povoden-Karadeniz [18] demonstrated in their
thermodynamic simulation study on a hyper-duplex steel with similar
composition as in the present study that cooling from temperatures
above the solvus temperature of ¢ phase leads to a region down to about
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1000 °C where austenite, ferrite and ¢ phase are stable, before ferrite
decomposes at temperatures < 950 °C (see also Fig. 2). The eutectoid
decomposition of ferrite into ¢ phase and austenite can only occur below
this temperature. Consequently, the ¢ phase fraction formed during
holding at 1000 °C has a different chemical composition indicated by
larger lattice parameters than the ¢ phase fraction formed in the lower
temperature regime and the different concentrations especially
regarding Mo and Ni obtained from the EPMA measurements. Within the
lower temperature regime the ¢ phase lattice parameter after quenching
does not significantly vary between different holding temperatures.
However, decreasing the holding temperature within the lower tem-
perature regime leads to a stronger differentiation between y, and y,
lattice parameters despite the lower mobility of alloying elements. This
behavior is consistent with the finding of earlier studies that lower
holding temperatures lead to finer ¢ phase precipitate morphologies (e.
g [11D).

In addition to the difference of ¢ phase formation mechanisms in the
high and lower temperature regimes the change of ¢ phase formation
during isothermal holding from growth at ferrite/ferrite and ferrite/
austenite boundaries to eutectoid formation of ¢ phase and secondary
austenite in ferrite needs to be taken into account for a comprehensive
description of ¢ phase formation kinetics. For example, our results show
that the assumption made in prevalent modeling approaches that o
phase precipitation occurs by fast nucleation and subsequent growth
without further significant nucleation [25-27] is not realistic in the
lower temperature regime and may lead to deviations of the modeled
behavior from experimental evidence.

5. Conclusions

In-situ high energy X-ray diffraction experiments were performed to
characterize the phase transformations in a hyper duplex stainless steel
during isothermal holding from 750 °C to 1025 °C. The exceptional
beam brilliance and large analyzed sample volume allowed to record
high quality diffractograms with a time resolution of 4 s to precisely
track the formation of ¢ phase.

A time transformation precipitation diagram for ¢ phase precipita-
tion was calculated from the phase fractions determined by Rietveld
analysis of the diffraction data. The nose temperature lies at about
900 °C which is moderately lower than the nose temperature deter-
mined in earlier studies on similar hyper duplex steels using ex-situ SEM
observations of quenched samples. We found that in the present study
precipitation of ¢ phase at the nose temperature occurs faster than at
these earlier studies, despite the somewhat lower concentrations of &
phase forming elements in the present study. This discrepancy may be
due to the difficulty of observing fine precipitates by microscopic
methods and their lower accuracy.

The measured phase fractions of austenite and ferrite fluctuate
around their equilibrium values during the solutionizing treatment at
1120 °C as well as during isothermal holding at 1000 °C and 1025 °C.
This implies that austenite/ferrite boundaries at these temperatures are
mobile and locally the phase composition fluctuates even when the
overall phase composition is stable, leading to chemical heterogeneities
near the boundaries. Likewise the ferrite lattice parameter fluctuates at
these holding temperatures, which indicates the local variation of the
chemical composition of ferrite with time.

While ¢ phase formation changes distinctly from interface controlled
growth to diffusion controlled growth during holding at 1000 °C, when
the nucleation sites at the boundaries are exhausted holding treatments
in the lower temperature regime lead to a more gradual change from
interface control to diffusion control. The changes in ¢ phase formation
mechanisms observed by the in-situ experiments were correlated with
differences in ¢ phase morphologies, the presence of secondary austenite
and the chemical composition of ¢ phase.
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