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Abstract

The formation and growth of sigma (o) phase in a 2205 duplex
stainless steel is monitored during an 850°C isothermal heat
treatment using an in situ synchrotron x-ray diffraction tech-
nique. At this temperature, ¢ phase is first observed within ap-
proximately 40 seconds of the start of the isothermal heat treat-
ment and grows rapidly over the course of the 3600 second heat
treatment to a volume fraction of approximately 13%. A simul-
taneous increase in the austenite (y) volume fraction and a de-
crease in the ferrite (&) volume fraction are observed. The o
phase formed at this temperature is rapidly dissolved within
approximately 200 seconds when the temperature is increased to
1000°C. Accompanying this rapid dissolution of the ¢ phase, the
6 and y volume fractions both approach the balanced (50/50)
level observed in the as-received material.

Introduction

When duplex stainless steels (DSS) are exposed to temperatures
between approximately 600°C and 1000°C for sustained periods
of time, several undesirable intermetallic phases, which include
o, Y, W, can form.[1-2] These intermetallic phases negatively
impact both the mechanical properties and the corrosion resis-
tance of duplex stainless steels.[3-9] The sigma (o) phase is the
most prominent of these intermetallic phases. It generally forms
over a temperature range between 600°C and 1000°C, depending
on the alloy being considered and the specific alloying elements
included. [1-3] It is primarily composed of Fe, 29-34 wt.% Cr,
3-5 wt.% Ni, and 3-9 wt.% Mo. If Si and W are present in the
alloy, they are also observed in the o phase.[1]

Much of the existing research on ¢ phase formation and growth
is based on results obtained using optical and electron micros-
copy based techniques on as-cast and welded material.[10-12]
There are a number of shortcomings and disadvantages associ-
ated with this experimental methodology. In particular, these
techniques provide only a snapshot of the phases present after
the completion of an isothermal heat treatment, including the
effects of both heating and cooling, which can not be factored

out of the final measurements. When using metallographic tech-
niques, it is also difficult to discern between the different inter-
metallic phases when measuring the volume fractions of each
phase present in the heat treated microstructure.

By using x-ray diffraction, especially high intensity synchrotron
x-rays, transformations occurring during an isothermal heat
treatment, heating, and cooling, can be monitored in real time.
This technique has recently been applied to the study of phase
transformations and residual stress relaxation in Ti-6Al-
4V.[13,14] These types of in situ studies have a number of in-
herent advantages over more conventional optical metal-
lographic techniques in the study of phase transformations.
Whereas the identification of low volume fraction intermetallic
phases with optical microscopy has some uncertainty, there is
none when using the x-ray diffraction technique because each
phase produces characteristic peaks. By analyzing these peaks,
the volume fractions of each phase along with other changes in
the characteristics of the phases which may be occurring during
the transformation can be quantified.

In the work discussed here, a synchrotron based in situ x-ray
diffraction technique is used to monitor the formation and
growth of o phase during an isothermal heat treatment at a tem-
perature of 850°C. Additional experiments showing the dissolu-
tion of the o phase at a temperature of 1000°C from a heat
treated microstructure is also discussed. Along with the forma-
tion and growth of the o phase, the formation and growth of
austenite (y) and the dissolution of ferrite (8) are also found to
occur.[15-17]. These transformations are also monitored in real
time. The combination of these observations provides a com-
plete picture of the transformations occurring in this material at
this temperature. Results from this work will provide a basis for
more in-depth investigations of the transformation kinetics in-
volved with o phase formation and dissolution and the corre-
sponding &/y transformations

Experimental

Material Properties  Figure 1(a) shows the A typical micro-
structure for the as-received 10.8 cm diameter 2205 DSS forged



bar stock (22.43 Cr-4.88 Ni-3.13 Mo-1.40 Mn-0.023 C-0.18 N-
0.004 S-0.005 0-0.0007H-0.67 Si-0.02 Al-0.03 B-0.08 Co-0.20
Cu-0.03 Nb-0.028 P-<0.005 Ti-0.05 V- Bal. Fe). This micro-
structure is revealed using an electrolytic KOH etch (25 gm
KOH, 50 mL water) held at a voltage of 2V for approximately
15 sec.[10-11] The y is the lightly etched phase and exists as
elongated plates in a & matrix, which is the darkly etched phase.
Quantitative metallography has been previously performed on
this material and shows a &:y ratio of 54:46 in the as-received
condition. The o phase, which forms at the 8/y boundaries in
the wrought DSS material after aging, appears as the most
darkly etched phase. A typical microstructure containing sig-
nificant amounts of o phase formed after a prolonged 850°C
isothermal heat treatment is shown in Figure 1(b).

(b)
Figure 1(a&b): Optical micrographs of (a) a typical base metal
microstructure and (b) o phase in the 2205 DSS sample aged at
850°C for 36000 seconds.

An equilibrium phase diagram for this alloy has been calculated
using ThermoCalc® and the TC Fe2000 database. Figure 2
shows the resulting phase diagram at temperatures between
600°C and 975°C, considering only 9, v, and o as stable. Ac-
cording to these calculations, the & phase displays a significant
decrease in its volume fraction leading up to 650°C and disap-
pears completely from approximately 665°C to 875°C. Over this
temperature range, the ¢ phase decreases slightly, while the y
phase gradually increases. At 875°C, the & phase reappears and

begins growing, while the amount of ¢ phase decreases. The
phase completely dissolves at a temperature of approximately
940°C, leaving & and y with similar fractions. It needs to be
noted, though, that these calculations are based on equilibrium
conditions, whereas the microstructure in the 2205 DSS is
formed by a high temperature heat treatment (1065°C) and
quench and is metastable at room temperature.
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Figure 2: Calculated portion of the phase diagram between
600°C and 975°C for the 2205 DSS.

X-Ray Diffraction Experiments  Direct resistance heating of
the 100 mm long by 4.75mm wide by 2 mm thick 62 micron
rms finish samples is used for rapid heating. Water cooled grips
allow the sample to be rapidly cooled. The temperature of the
sample was monitored and recorded using type-S (Pt/Pt-10%Rh)
thermocouples spot welded on the back side of the sample di-
rectly below the x-ray impingement point. A Eurotherm 8§18
temperature controller, a Eurotherm 425A power thyristor, and a
Trindl RT300 transformer were used to control the AC current
passing through the sample so that pre-programmed thermal
cycles could be followed in a controlled manner. The heating
power supply is capable of producing 300 Amps at 6V and can
heat the sample up to temperatures as high as 1400°C. The sam-
ple and heating and cooling stage assembly are placed inside a
vacuum chamber in order to protect it from atmospheric con-
tamination during the prolonged heating cycles. Prior to each
experiment, the chamber is evacuated and maintained under
vacuum during the entirety of each experimental run.

In-situ x-ray diffraction experiments are performed using the
UNICAT beam line BM-33-C at the Advanced Photon Source
(APS) at the Argonne National Laboratory. A beam energy of
30 keV from a ring current of 100mA is used. Prior to the beam
coming in contact with the sample, it first passes through a wa-
ter cooled Si (111) monochromator and is then focused and
sized to dimensions of 1 mm wide by 0.25 mm high using a
dynamically bent Si crystal and collimator slits. In these ex-
periments, the x-ray beam impinges on the top surface of the
sample at a 5° angle of incidence while the sample is being
heated. The 528 um x-ray absorption length provides a penetra-



tion depth of at least 23 um, which can become larger at higher
Bragg angles. A schematic diagram of the experimental setup is
shown in Figure 3.
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Figure 3: Schematic of the apparatus used in the synchrotron x-

ray diffraction experiments.

The diffracted beams are collected using a Roper Scientific
(A99k401, RS/Photometrics) CCD detector placed 330 mm be-
hind the sample. This detector uses a 12.9 cm’ array of
1024x1024 pixels spaced 60 microns apart to capture the dif-
fraction patterns on a scintillating screen, which is connected to
the CCD array using a fiber optic bundle. The detector read-out
is accelerated by a 2x2 binning of the pixels. In these experi-
ments, the detector integrates the x-ray data over a one second
exposure and requires an additional two seconds to clear the
data from the CCD detector and transfer it to the computer.
Thus, it is possible to capture a complete diffraction pattern ap-
proximately every 3 seconds. Depending on the length of the
experiment and the amount of data desired, this rest time can be
varied. For example, a 10 second rest time is used in the long
term 850°C isothermal heat treatment described below. A room
temperature x-ray diffraction pattern of an as-received 2205
DSS sample is shown in Figure 4 for d spacings between ap-
proximately 1.1 to 2.4 A.
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Figure 4: Plot showing the partial Debye circles obtained using
the CCD detector for the base metal 2205 DSS.

To calibrate the x-ray detector, the room temperature lattice
parameters of the base metal are first measured using a conven-
tional Cu K, x-ray diffraction system. A room temperature pat-
tern, as shown in Figure 4, is then collected. Five points are se-
lected along each of the Debye arcs. The sample-detector dis-
tance, the position of the center of the arcs on the detector, and
the magnitude and orientation of the detector tilt are varied to
minimize the difference between the d spacing as calculated
from the detector patterns and that calculated from the lattice
parameters. The Debye arcs are then integrated into a one di-
mensional plot showing diffracted beam intensity versus d spac-
ing using Fit-2D software [18]. This software integrates the dif-
fracted beam intensity for each arc, providing the data used to
create the diffraction patterns used in the following analysis.

Characteristics of the individual peaks are then determined us-
ing a macro developed for Igor Pro, Version 5.0. With this
macro, the time and temperature at which each diffraction pat-
tern is obtained are linked with the corresponding diffraction
data. In order to take into account any variations in the intensity
of the synchrotron beam, the intensities of the peaks in each
diffraction pattern are normalized with respect to the maximum
peak intensity measured in that pattern. A typical diffraction
pattern showing the presence of ¢ phase along with the 8 and y
phases in a 2205 DSS sample undergoing an 850°C isothermal
heat treatment is shown in Figure 5. Each peak is identified with
the appropriate phase and corresponding Miller indices.
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Figure 5: Typical diffraction pattern showing 6, y, and o phases
detected during an 850°C isothermal heat treatment.

After the normalization of the diffraction pattern, the position,
width (FWHM), and integrated intensity of each peak are meas-
ured. Using the integrated intensity measurements for each of
these peaks, the volume fractions of the three primary phases (5,
Y, and ) are measured by summing the integrated intensities for
the peaks from each phase and dividing this value by the sum of
the integrated intensity values for all of the peaks observed in
each diffraction pattern.



Results and Discussion

Formation and Growth of o Phase  Using this in situ x-ray
diffraction technique, the formation and growth of the ¢ phase
are monitored as a function of time during an isothermal heat
treatment at a temperature of 850°C and a time of 36000 sec-
onds. Figure 6 displays a pseudo-color plot of the peak intensi-
ties measured at each time over the initial 3600 seconds of this
isothermal heat treatment. Only this portion of the isothermal
heat treatment is shown because there is little obvious change in
the peak intensities at the longer times. Soon after the start of
the isothermal heat treatment, at a time of approximately 40
seconds, tetragonal ¢ phase peaks appear. These peaks are pre-
sent over the remainder of the isothermal heat treatment and
increase in intensity as the time increases.
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Figure 6: Pseudo-color plot of peak intensities taken over the
first 3600 seconds of the 850°C isothermal heat treatment of the
2205 DSS.

At the same time, changes in the intensities of the & and y peaks
are taking place. In general, the 6 peaks decrease in intensity
and the y peaks increase in intensity with increasing time. Based
on the plot in Figure 6, it appears that these changes in the & and
v peak intensities correspond with the appearance and increasing
intensity of the tetragonal or ¢ phase peaks. These changes are
especially evident in the fcc(111) and bee(110) peaks, which
appear to swap intensity values at a time of approximately 300
seconds.

A closer look at the measured intensities of the fcc(111) and
bee(110) peaks is given in Figure 7. Shortly after the beginning
of the isothermal heat treatment, the intensity of the fcc (111)
peak rapidly increases, while that for the bee(110) peak remains
mostly constant. At a time of approximately 300 seconds, the
intensity of the fcc(111) peak reaches a constant value, while
that for the bce(110) peak begins a rapid decrease which contin-
ues for the remainder of the isothermal heat treatment. These
peak intensity measurements are then converted into the volume
fractions of each phase present at each discreet time over the
course of the isothermal heat treatment.
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Figure 7: Pseudo-color plot highlighting the changes in peak
intensities for the fcc(111) and bee(110)peaks in the early stages
of the 850°C isothermal heat treatment.

A plot of these measurements taken during the 850°C isothermal
hold is shown in Figure 8. As the isothermal heat treatment be-
gins, the y volume fraction increases while the 6 volume fraction
decreases, as predicted by the changes in integrated intensity.
Within this same time frame, ¢ phase first appears and rapidly
grows through the first 5000 seconds of the heat treatment. After
this time, the measured volume fraction of the ¢ phase remains
rather constant over the remaining portion of the isothermal heat
treatment. The same is true for both the y and 8 volume frac-
tions, indicating that the microstructure is reaching some level
of stability.

Austenite

Phase Fraction

70 5000 10000 15000 20000 25000 30000 35000
Isothermal Hold Time (sec)
Figure 8: Plot showing the », 6, and o volume fractions meas-

ured over the course of the 850°C isothermal heat treatment.

The biggest changes in the measured volume fractions of the
three phases occur in the early stages of the isothermal heat
treatment. It is clear that the § and y volume fractions are chang-
ing from the beginning. A summary of the volume fractions
measured during the 850°C isothermal heat treatment is given in
Table 1. Over the first 5000 seconds, there are significant
changes in the measured volume fractions of all three phases,
especially the ¢ phase, which displays its most rapid growth
rate, rising to a volume fraction of 0.121. After that point, the o



volume fraction rises only an additional 0.018 over the remain-
der of the isothermal heat treatment.

Table 1: Summary of &, 5, and o volume fractions at selected
times during the 850°C isothermal heat treatment

Ferrite Austenite Sigma
As-received 0.548 0.452 -—-
Beginning (t = 0 sec) 0.530 0.470 -
t =42 seconds 0.504 0.494 0.002
t = 5000 seconds 0.080 0.799 0.121
t = 10000 seconds 0.054 0.812 0.134
End (t = 36141 seconds) 0.038 0.823 0.139

Significant changes are also occurring in the 6 and y phases. For
example, the 6 volume fraction falls from a value of 0.530 at the
beginning of the isothermal hold to a value of 0.080 after 5000
seconds, equating to a decrease of approximately 85%. Over this
same time frame, the y volume fraction increases from 0.470 to
0.799, equating to an approximately 70% increase. By the end
of the isothermal heat treatment, the & volume fraction has fallen
to a value of 0.038 and the y volume fraction has risen to a value
of 0.823. These two values do not differ much from those meas-
ured at a time of 10000 seconds, indicating that the transforma-
tion rate significantly slows at times greater than 5000 seconds.

These results indicate that o is transforming into both y and o
(0—vy+0o) at a temperature of 850°C. Since the ¢ phase grows at
the expense of J, a decrease in the & volume fraction is ex-
pected. However, the y volume fraction is increasing at the same
time, indicating that the & phase is also decomposing into y at
this temperature. These observations are generally supported by
the thermodynamic calculations shown in Figure 2.

The experimental results shown above, though, indicate that
some O continues to exist in the microstructure and is expected
to remain since the rate of transformation is approaching zero. A
closer examination of Figure 2 shows that & should reappear in
the microstructure at a temperature of 875°C. This difference of
only 25°C may fall within the uncertainty of these calculations.
An additional factor in this discrepancy may also involve the
metastable nature of the § in the starting microstructure.

Dissolution of o Phase  With the real-time detection capabili-
ties of this technique, the dissolution of the ¢ phase can also be
monitored. In order to directly monitor the ¢ phase dissolution,
a two stage heat treatment is used. In the first stage, the sample
is held at a temperature of 850°C for a period of 3600 seconds in
order to form the  phase in the 2205 DSS microstructure. After
the o phase forms, the temperature is rapidly increased to
1000°C and held until the ¢ phase disappears.
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Figure 9: Plot showing changes in &,  and o volume fractions

over the course of the 850°C to 1000°C heat treatment.

During the initial stage of the heat treatment, the changes in the
5, v, and & volume fractions closely resemble those observed
previously. At the end of this isothermal heat treatment, the o
phase volume fraction reaches a level of approximately 0.13.
The & and y volume fractions at this same time are 0.105 and
0.779, respectively. These results are in line with those observed
in the previous 850°C isothermal heat treatment.

The rapid dissolution of the o phase is evident. With the in-
crease in temperature to 1000°C, the o phase, which is measured
at a volume fraction of 0.13, disappears within 200 seconds. In
comparison, an 850°C isothermal heat treatment of 3600 sec-
onds is required to produce this amount of ¢ phase. This differ-
ence in transformation rates can, in part, be attributed to the
higher temperature, which leads to both the destabilization of
sigma phase as well as an increase in the diffusion kinetics.

In addition to the ¢ phase dissolution, changes in the & and y
volume fractions are also evident as the temperature is increased
to 1000°C. As the o phase dissolves, the & volume fraction rap-
idly increases. At the same time, the y volume fraction decreases
to a level of approximately 0.50, closely matching that of the &
volume fraction. These changes in the & and y volume fractions
are predicted by the thermodynamic calculations in Figure 2 and
further supported by the heat treatment (1065°C) performed on
the as-received material to produce the balanced &/y microstruc-
ture shown in Figure 1(a).

Summary and Conclusions

A synchrotron based in situ x-ray diffraction technique has been
used to monitor the formation, growth, and dissolution of &
phase in a 2205 DSS. During an 850°C isothermal heat treat-
ment, the formation and growth of & phase, along with & disso-
lution and y growth, are directly monitored. In these real-time
measurements, ¢ phase is first observed approximately 40 sec-
onds after the start of this isothermal heat treatment. The rate of
o phase growth is most rapid over the initial 5000 seconds be-



fore slowing over the remainder of the isothermal heat treat-
ment.

The dissolution of o phase from a microstructure initially con-
taining a ¢ volume fraction of approximately 0.13 is also moni-
tored. Unlike the formation of the o phase, its dissolution occurs
rapidly, with the ¢ phase completely disappearing after only 200
seconds at a temperature of 1000°C, which is only 60°C above
the predicted thermodynamic stability limit. The recovery of &
and the decomposition of the newly formed y phase are also
monitored in real time along with the changes in the o phase.
These phases have recovered to nearly a 50/50 phase balance by
the time that the o phase completely dissolves.

These real-time observations of the changes in the §, v, and o
volume fractions also provide a basis for further study of the
kinetics of these various transformations. Future work will use
this experimental technique to construct TTT diagrams for s
phase formation and to calculate the transformation kinetics for
the 8—0, 0—9, and 6—y transformations over this temperature
range under isothermal conditions.
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