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Abstract

The formation and growth of sigma (o) phase in 2205 duplex stainless steel was observed
and measured in real time using synchrotron radiation during 10 hr isothermal heat treatments at
temperatures between 700°C and 850°C. Sigma formed in near-equilibrium quantities during the
isothermal holds, starting from a microstructure which contained a balanced mixture of metasta-
ble ferrite and austenite. In situ synchrotron diffraction continuously monitored the transforma-
tion, and these results were compared to those predicted by thermodynamic calculations. Differ-
ences between the calculated and measured amounts of sigma, ferrite and austenite suggest that
the thermodynamic calculations underpredict the sigma dissolution temperature by approxi-
mately 50°C. The data were further analyzed using a modified Johnson-Mehl-Avrami (JMA)
approach to determine kinetic parameters for sigma formation over this temperature range. The
initial IMA exponent, n, at low fractions of sigma was found to be approximately 7.0, however,
towards the end of the transformation, n decreased to values of approximately 0.75. The change
in the JMA exponent was attributed to a change in the transformation mechanism from discon-
tinuous precipitation with increasing nucleation rate, to growth of the existing sigma phase after
nucleation site saturation occurred. Because of this change in mechanism, it was not possible to
determine reliable values for the activation energy and pre-exponential terms for the JIMA equa-
tion. While cooling back to room temperature, the partial transformation of austenite resulted
in a substantial increase in the ferrite content, but sigma retained its high temperature value to

room temperature.
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Introduction

Duplex stainless steels (DSS) are often processed to have a balanced microstructure contain-
ing approximately 50% austenite and 50% ferrite, which provides them with a desirable combi-
nation of hardness, toughness, and corrosion resistance [1]. However, when exposed to tempera-
tures between approximately 600°C and 1000°C for sustained periods of time, several undesir-
able intermetallic phases can form [2, 3]. The o phase, which has a complex tetragonal crystal
structure with a large unit cell, is the most prominent of the intermetallic phases. Sigma is en-
riched in Cr and Mo relative to the nominal composition of the alloy, and because of this it
grows from the ferrite phase which is also enriched in these elements [1, 4].

Once formed, sigma is known to adversely affect the mechanical properties [4-8] and corro-
sion resistance [9, 10] of DSS alloys. For example, the impact toughness of 2205 DSS has been
found to decrease by nearly an order of magnitude when exposed to an extended 850°C isother-
mal heat treatment [6]. Decreases in the pitting and crevice corrosion resistance are also pro-
nounced in the presence of o phase. This decrease in corrosion resistance is attributed to the de-
pletion of Cr and Mo in regions surrounding the newly formed sigma precipitates [10]. As a re-
sult, the DSS becomes susceptible to localized corrosion via a mechanism similar to sensitization
in austenitic stainless steels.

During elevated temperature processing of DSS and austenitic stainless steel alloys, sigma
nucleates heterogeneously and grows from either austenite/ferrite or at ferrite/ferrite grain
boundaries present in the microstructure. The amount of ferrite that forms depends on both the
alloy composition and the amount of ferrite in the starting microstructure. Thus, larger amounts
of o phase form in DSS alloys than in austenitic stainless steel alloys due to their higher ferrite
contents [11-14]. Sigma phase has been observed in cast alloys [15, 16], in weld metal fusion
and heat affected zones [17-19], and in continuously cooled [20] duplex stainless steels, indicat-
ing its propensity to form under numerous materials processing conditions.

In this investigation, an in situ x-ray diffraction technique using high intensity synchrotron
radiation is used to directly observe the transformation of ferrite to sigma phase and secondary
austenite in 2205 DSS. These types of in-situ studies have a number of inherent advantages over
more conventional optical metallographic techniques in the study of phase transformations.
Most importantly, the transformation can be monitored in real time to provide a continuous

measurement of the transformations as they occur. Unlike conventional metallographic meas-
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urements, the synchrotron technique allows direct observations of complex phase transforma-
tions that occur during elevated temperature processing of materials. The results from these ex-
periments directly measured the kinetics of o phase formation and provided a basis for more in-

depth investigations of transformations in DSS alloys at elevated temperatures.

Experimental
Materials

Chemical analysis performed on the 2205 DSS used in this study shows that it contains
22.43%Cr, 4.88%Ni, 3.13%Mo, 0.14% Mn, 0.67%Si, 0.18%N and 0.023%C by weight. This is
the same material used during previous investigations that used synchrotron radiation to observe
phase transformations during welding [21, 22]. The as-received material, which was taken from
10.8 cm diameter forged bar stock, had been solution mill annealed at 1065°C for 2.5 hours fol-
lowed by water quenching to produce a microstructure containing nearly equal amounts of ferrite
and austenite. The samples were machined from the bar in an orientation parallel to the extru-
sion axis. The samples measured 100 mm long by 4.75mm wide by 2 mm thick, and all surfaces
were milled to a 62 micron rms finish in preparation for the x-ray diffraction experiments.

Figure 1(a) shows the microstructure of the as-received material, with the austenite being the
lightly etched phase (tan/white in color) and the ferrite being the more darkly etched phase
(blue/purple in color). The DSS microstructures were revealed using an electrolytic KOH etch
(50 gm KOH, 100 mL water) held at a voltage of 5V for approximately 10 s [15]. This etch is
used specifically to expose the o phase present in the microstructure after the isothermal heat
treatments, but it also adequately distinguishes the ferrite and austenite phases in both the as re-
ceived and the heat treated conditions. Quantitative metallographic measurements performed on
this alloy in the as-received condition show a ferrite-to-austenite ratio of 54:46 [21]. Figure 1(b)
shows microstructure after heat treating at 850°C for 10 hours. Here sigma is present in volume
fractions near 20%, and is the most darkly etched phase (brown/orange/black) in the microstruc-
ture. The ferrite continues to etch a blue/purple color and the austenite continues to etch a
tan/white color in this figure.

An equilibrium phase diagram for this DSS alloy was calculated using ThermoCalc® version
g and the TC Fe2 database including Fe, Cr, Ni, Mo, Mn, Si, C, and N in the model. Figure 2

shows the resulting phase fraction versus temperature plot where equilibrium was calculated by
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considering the presence of ferrite, austenite, sigma, nitrides/carbides, and the liquid phases. The
calculations indicate that ferrite transforms to a combination of austenite and sigma during heat-
ing up to 700 °C, where ferrite dissapears. Between 700°C and 800°C the ferrite does not exist,
and sigma partially transforms to austenite as the temperature increases. At 800°C, ferrite reap-
pears, and sigma continues to decrease until it completely disappears at a temperature of ap-
proximately 860°C. Since the 2205 DSS base metal microstructure is metastable, due to its
quenching from 1065°C, the real microstructure starts off with a significantly different fer-
rite/austenite ratio than that predicted from the thermodynamic calculations. Because of this, the
starting microstructure of the 2205 DSS will approach equilibrium during the isothermal hold
differently than if the initial sample had been prepared via a slow cooling process that was closer

to equilibrium.

In-Situ X-Ray Diffraction Experiments and Data

In-situ x-ray diffraction experiments were performed using the UNICAT beam line BM-33-C
at the Advanced Photon Source (APS) at the Argonne National Laboratory. The focused x-ray
beam measured 1.0 mm wide by 0.25 mm high at the sample location and had an energy of 30
keV. During the experiment, the beam impinged on the top surface of the sample at a 5° angle of
incidence while the sample was heated at a rate of 20°C/sec to the desired temperature using a
direct resistance heating method. At this angle of incidence, the beam penetrates approximately
7 um below the surface of the sample given the 160 um absorption length of these x-rays in iron.
A schematic diagram of the experimental setup is shown in Figure 3a, and one of the complete
diffraction patterns is shown in Fig 3b. All of the experiments were performed with the sample
inside of an environmental chamber and held in a vacuum of approximately 10 Torr. The X-
rays entered and exited the aluminum chamber through Kapton windows.

The diffracted beams were collected using a CCD detector manufactured by Roper Scientific
(A99k401, RS/Photometrics) placed 330 mm behind the sample. This detector uses a 6.1 x 6.1
cm? array of 1024x1024 pixels spaced 60 microns apart to capture the diffraction patterns. The
detector captures the x-ray data by integrating the diffracted beams over a 1 s exposure. Another
2 s are required to clear the data from the CCD detector and transfer it to the computer. For the
long duration of these runs, some of the data were acquired at 10 s intervals after the sample
reached the isothermal hold temperature in order to reduce the amount of data that was stored.
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After the data were recorded, the Debye arcs were converted, using Fit-2D software, into a con-
ventional diffraction plot of intensity versus d spacing. This software integrates the diffracted
beam intensity for each arc over the entire two dimensional areal array, yielding the data that can
be used to create the diffraction patterns used in the following analyses. Additional details about
the data acquisition technique are presented elsewhere [23, 24].

The calculated austenite, ferrite and sigma phase peaks present in each diffraction pattern are
summarized in Table 1. This table includes their individual relative peak intensities (I), their d-
spacing, 26 angle, multiplicity factor (M) and structure factor (F?) as calculated by JPOWD [25]
for the 30 keV beam. The ferrite (bcc, a,=2.881A) and austenite (fcc, a,=3.430A) calculations
were performed using the lattice parameters for pure Fe. Although the lattice parameters of fer-
rite and austenite in pure Fe and those of the DSS alloy are different due to compositional ef-
fects, the calculated values for pure Fe can be used to provide a good initial estimate of where
the actual ferrite and austenite diffraction peaks will appear for the DSS alloy. Calculations of
the diffraction peaks for the sigma phase (tetragonal, a=8.885, ¢ =4.603) were performed using
lattice parameters approximately 1% larger than that of the reported FeCr sigma phase [26],
which gave the best fit to the actual sigma phase diffraction pattern at room temperature. The
results show that three austenite peaks, three ferrite peaks, and a multitude of sigma phase peaks
should appear in the diffraction window, which covers about 10 deg of 26 for the experimental
conditions used in this study. Note that the sigma phase peaks reported in Table 1 are only those
with a calculated intensity greater than 3%, additional lower intensity peaks are present but were
considered to be too low of intensity to be accurately quantified.

Figure 4 shows a room temperature diffraction pattern (upper diffraction pattern), plotted as
intensity versus 26. This diffraction pattern was taken after the 850°C heat treatment where a
significant amount of sigma had formed, and is compared to the calculated sigma phase peaks
(lower diffraction pattern). The indexing of the sigma phase corresponds to the Miller indices of
the peaks as summarized in Table 1. It is clear that all of the non-fcc or non-bcc peaks, which
appear in the experimental diffraction pattern can be attributed to sigma. Note that the sigma
(330), peak 3, overlaps with the fcc (111), and that the sigma (202), peak 4, overlaps with the
bce(110) peaks. Considering the thermodynamic predictions at 850°C as shown in Fig. 2, ferrite,
austenite and sigma should all be present in the equilibrium microstructure, and each of these
phases is indeed observed in this diffraction pattern.
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Once all the x-ray diffraction data were acquired, the peak areas were measured for each
phase and used as a means to estimate their relative amounts in the microstructure as a function
of isothermal hold time. To do this, the raw integrated areas from each of the diffraction peaks
present in each diffraction pattern were first measured and summed. The peaks used in this
measurement were all of the major bcc and fcc peaks in the diffraction window, as indicated in
Table 1, plus the eight highest d-spacing peaks of the sigma phase as indicated in Table 1 by the
sigma identifications 1-8.

Since some of the diffracted peaks were not accounted for in the analysis due to their low
intensity or because they fell outside the 2-6 range of the x-ray detector, the fraction of the dif-
fracted beam for each phase that was captured needs to be corrected to account for this differ-
ence. To do this, the calculated integrated intensity for all possible diffraction peaks for each
phase was determined and used to represent 100% of the total diffracted intensity for each phase.
This calculation takes into account the structure factors for the bcc, fcc, and tetragonal crystal
structures of the ferrite, austenite, and sigma phases, respectively, the multiplicity for each peak,
and the Lorentz polarization factors as summarized in Table 1 [25]. Next, the integrated inten-
sity of just the diffracted peaks used in the analysis of the synchrotron data was determined in the
same way, and compared to the total diffracted intensity for each phase. Doing this, it was de-
termined that 69.1% of the bcc diffraction, 60.4% of the fcc diffraction and 58.1% of the sigma
phase diffraction was accounted for in the diffraction peaks examined from the synchrotron ex-
periments. The measured diffraction intensity of each phase was corrected using these factors,
and then the fraction of each phase was determined by taking the ratio of the corrected diffrac-
tion intensity of each phase to the sum of the diffraction intensities for all three phases. This cal-
culation was done on every diffraction pattern throughout the isothermal hold, allowing the vol-
ume fraction of each phase to be determined as a function of isothermal hold time.

Results and Discussion
Direct Observations of Phase Transformations During Isothermal Heat Treating

Table 2 summarizes the results of the isothermal heat treatments, showing the different tem-
peratures, holding times and amounts of each phase at the beginning and end of the isothermal
hold. One of the runs (750°C) was terminated 7 hours into the isothermal hold due to an equip-

ment malfunction, however all the other samples were held for the complete 10 hrs. In this table,
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the volume fractions of each phase at the beginning and end of each heat treatment, and the time
at which sigma is first observed are shown. These data are compared with the equilibrium values
as predicted by Thermocalc, and this comparison will be discussed in more detail later.

The results of the in situ x-ray diffraction experiments consist of a series of diffraction pat-
terns, which for the extended runs here can number in the thousands. One useful way to display
this data is in the form of a pseudo-color plot where the diffraction patterns are lined up with
time along the y-axis, d-spacing along the x-axis, and the intensities of the diffraction peaks rep-
resented by different colors. Figure 5 shows one of these plots, for the initial 2000 seconds of
the run at 800°C. The heating initiates at t=0s, and immediately all of the fcc and bcc diffraction
peaks shift to higher d-spacings due to the thermal expansion effect while the sample is being
heated. The sample reaches 800°C at t=48s, and during the isothermal hold the intensity of the
bcc peak immediately began to decrease while the intensity of the fcc peaks increased. At t=96s,
a low intensity sigma (410) peak first appears. With increased holding time, the intensity of this
peak increases and additional sigma peaks appear. In this figure, only six of the eight sigma
peaks are observed, since two of the sigma peaks overlap with fcc and bcc peaks. Initially, the
sigma (202) is hidden below the bcc (110) and the sigma (330) is hidden below the fcc (111).
With time, the bcc phase decreases to nearly O percent at this temperature, and the hidden sigma
(202) peak remains. Small differences in the d-spacing between the sigma (202) and the bcc
(110) allow them to be distinguished as the amount of bcc decreases, however, the sigma (330)
never appears since the fcc (111) remains at high intensity throughout the entire experiment.

The changes in the diffraction peak intensity can be correlated with changes that are taking
place in the volume fractions of each of the three phases during the isothermal hold. Using the
run at 800°C as an example, Figure 6 plots the measured volume fractions of these phases as a
function of isothermal heat treatment time for the first hour of the hold where the majority of the
transformation takes place. The alloy begins with a ferrite/austenite ratio of approximately 1:1,
which decreases considerably as ferrite partially transforms to austenite and sigma. The sigma
phase, which first appears at t=96s, rapidly increases to approximately 90% of its equilibrium
value within the first 1 hr of the run. Similar transformations were observed at the other tem-
peratures. However, the rates of transformation and the amounts of sigma produced varied with

temperature.
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Figure 7 compares the results of all of the synchrotron data, showing the fractions fcc, bcc,
and sigma as a function of isothermal hold time at each of the four temperatures. The bcc ferrite
phase is shown in Fig 7(a), indicating that it continually decreases throughout each of the iso-
thermal holds and reaching zero or near-zero values at 750°C and 800°C. However, at 700°C, the
transformation kinetics appears to slow for the ferrite to reach its equilibrium value, since several
percent ferrite remains at the end of the 10 hr run. At 850°C, approximately 3% bcc phase re-
mains at the end of the 10 hr run, which may be near its equilibrium value, since Thermocalc
predicts some residual bcc phase at this temperature (see Fig. 2). The fcc phase is shown in Fig
7b, where it continually increases to values between 75 and 80% during the isothermal holds.
The trends suggest that the fcc phase is reaching near equilibrium values at all of the tempera-
tures. The amount of sigma phase is shown in Fig. 7c, where each temperature appears to pro-
duce a different final volume fraction of sigma. The amount of sigma ranges from 19.8% to
22.7%, as summarized in Table 2, with the lowest amount of sigma being found at the highest
temperature (850°C). As with the other phases, near equilibrium volume fractions appear to be
reached at all of the temperatures except 700°C.

During the early stages of the transformation, sigma forms preferentially at ferrite/austenite
interphase boundaries and ferrite/ferrite grain boundaries, and grows into the ferrite phase via a
transformation mechanism involving diffusion. Since both nucleation and diffusional growth of
sigma are thermally activated processes, temperature will have a significant effect on the kinetics
of the transformation. In order to look at this more closely, Fig. 8 compares the measured vol-
ume fraction of sigma that forms during the early stages of the transformation at each of the four
temperatures. The times where sigma was first observed are further summarized in Table 2, in-
dicating that the minimum time observed to form sigma was 96 s, at a temperature of 800°C.
Slightly longer times of 153 s and 192 s were observed at 850°C and 750°C respectively, and a
much longer time of 2003 s was observed at the lowest temperature of 700°C. The amount of
sigma present when it was first detected was approximately 1% in all four cases.

The data were further plotted in Fig. 9 to show the time temperature relationships for the for-
mation of sigma at seven different amounts of transformation, between 1% to 99% sigma. In
this plot, the measured maximum amount of sigma that formed at each temperature was used to
represent 100% of the possible amount of sigma that could form (see Table 2), and this value de-

creased with increasing temperature. The shape of the curves indicates that the early stages of
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sigma phase nucleation and growth are occurring by C-curve kinetics with the nose at approxi-
mately 800°C.

The measured amounts of sigma for the three temperatures where near equilibrium amounts
of sigma formed (750°C, 800°C and 850°C) exceed those predicted by Thermocalc (see Fig. 2).
At 750°C and 800°C, the difference is only a few percent. At 850°C, however, the difference is
nearly a factor of 6. Since the amount of sigma decreases to zero at temperatures above its sol-
vus, a reduction in the amount of sigma is expected at higher temperatures. However, the tem-
perature at which the rapid decrease in sigma occurs appears to be underpredicted by Thermo-
calc. Whereas Thermocalc predicts zero percent sigma at 860°C, the synchrotron measurements
show approximately 15% sigma at this temperature. Comparing the calculated values with the
measured values shows that the two sets of data would be very similar if the Thermocalc data
were shifted approximately 50°C higher, i.e., the Thermocalc predictions at 800°C seem to
match the measured values at 850°C etc. Additional synchrotron measurements are planned in
the future to more closely investigate temperatures above 850°C in order to determine the disso-

lution temperature more exactly for this alloy.

Isothermal Kinetics of Sigma Phase Formation

TTT diagrams have been produced for a cast version of the 2205 alloy (CD3MN) having a
similar composition to the DSS 2205 used in this investigation, and another cast DSS alloy,
CD3MWCUuN which has a higher Cr and Mo content that promotes sigma formation [16].
These investigations on cast materials utilized conventional metallographic techniques to meas-
ure the sigma content after the isothermal holds, and the results show different kinetics for sigma
formation even though they are both duplex stainless steels. These TTT diagrams indicate a
wide variation in the times required to nucleate and to completely transform the alloy to sigma,
and show the nose of the TTT curves to be between 800°C and 850°C. For example, the mini-
mum time to form 1% sigma at the nose of their respective TTT curves is 10 min for the
CD3MN alloy and 5 min for the CD3MWCUuN from tabulated data in this paper [16]. The
minimum time required to form 99% sigma at the nose of the respective TTT curves is 7000 min
for the CD3MN alloy versus 70 min for the CD3MWCUuN alloy. The faster transformation kinet-
ics of the CD3MWCUuN alloy were attributed to its higher Cr and Mo content.
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Comparing the kinetics of sigma formation in the 2205 DSS with the cast versions discussed
above, the 2205 DSS appears to have a slightly lower nose temperature and takes about twice as
long as the CD3MWCuN alloy to complete its transformation. The DSS 2205 appeared to trans-
form more quickly at first than the cast alloys, having the shortest amount of time to reach 1%
sigma. However, the apparent faster kinetics of the DSS 2205 may be the result of the higher
accuracy and continuous measurement of sigma made possible by the synchrotron technique, as
compared to the metallographic method used in the other investigation where 1% transformation
may be difficult to observe and quantify since only a few data points were taken at short times.
The minimum time for complete transformation of the 2205 DSS in this investigation, defined by
99% or more of the possible sigma phase formed, was found to take approximately twice as long
as the CD3MWCUuN alloy, but occurred much faster than in the CD3MN alloy.

Phase transformation kinetic analysis of the synchrotron data on the 2205 DSS was per-
formed using a Johnson Mehl Avrami (JMA) method to describe the overall transformation rate.
This approach is often represented by the following expression [27]:

fo(t) =1—exp{-(kt)"} (eq. 1)
where f(t) is the extent of the transformation as a function of time t measured relative to the

equilibrium value of the product phase, n is the JMA exponent, and K is a rate constant given as:
k =k, exp(— g) (eq. 2)
RT

In this expression, ko is a pre-exponential constant, Q is the activation energy of the transforma-
tion including the driving forces for both nucleation and growth, R is the gas constant and T is
the absolute temperature (K). The JMA exponent, n, is often correlated to different types of nu-
cleation and growth conditions, and is an indicator of the kinetics responsible for the transforma-
tion [28]. One way to determine the value of the IMA exponent from experimental data is to lin-
earize eq. (1) by plotting the In(In(1-f.(t))) versus In(t), where n can be determined from the slope
of the data on these coordinates.

Figure 10 plots the fraction sigma formed for each of the four temperatures on the IMA
coordinates. In this plot, it is clear that the data do not follow a linear trend with In(t), and that
all of the curves start off with a steep slope that decreases as the transformation continues. The
initial slope, between 1% and 5% sigma, for each of the four sets of data is summarized in Table

4. These slopes give the JMA exponent, n, to be approximately 7.0. However, n continuously

10
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decreases, and towards the end of the transformation n approaches a value of approximately 0.75
at the three highest temperatures where the transformation went to completion. This change in
slope indicates a change in the JIMA exponent, and suggests that the mechanism for the transfor-
mation is changing as the transformation proceeds. Because of this, reliable values of the activa-
tion energy, Q, and the JMA pre-exponential term, ko, were not able to be determined for this
transformation, however, the changing slope and its values are useful nevertheless.

Although the JMA exponent can’t be used to precisely identify the mechanism, it can be
used as an indicator of the type of nucleation and growth conditions that are occurring. Accord-
ing to Christian [28], a JMA exponent above 4, like those observed at low fractions of sigma,
would indicate that the transformation is taking place by either a discontinuous precipitation or
an interface controlled growth mechanism, with a nucleation rate that increases with increasing
fraction transformed. Evidence for this is indicated in Fig. 11, which shows the microstructure
after a 30 min hold at 800°C and is in the early nucleation and growth stages for this alloy. It is
clear that sigma preferentially forms at ferrite/austenite and ferrite/ferrite boundaries. At longer
hold times, the particles take on more of a blocky or elongated appearance (see Fig 1b). If the
transformation initially begins with a nucleation rate that is increasing, the nucleation rate would
be expected to decrease as the preferred nucleation sites become more saturated as the transfor-
mation continues.

Sigma is known to nucleate and grow from ferrite (o) with the simultaneous formation of
secondary austenite (y,) by the transformation a—y,+c [29]. Although the transformation
mechanism doesn’t appear to be characterized perfectly well in the literature, it is likely that one
of the major modes for decomposition of ferrite occurs by a discontinuous precipitation mecha-
nism. This mechanism is also referred to as cellular precipitation, and is similar to a eutectoid
transformation in steels [29], and would fit with a JMA exponent greater than 4.

In the case of 2205 DSS, the secondary austenite and sigma phases would grow through
the cooperative partitioning of elements between them [29, 30]. Microstructural evidence sug-
gests that the secondary austenite first forms at the ferrite/austenite boundaries, causing Cr and
Mo to be rejected into the ferrite ahead of the secondary austenite phase. When the concentra-
tion of the ferrite is enriched sufficiently in Cr and Mo, sigma nucleates and grows, sometimes
alongside the secondary austenite and other times as isolated sigma particles that become sur-

rounded by the secondary austenite. The time required for Cr and Mo to enrich accounts for the

11
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delay in nucleation of sigma phase which is most evident at 700°C (see Fig. 8). Figure 12 shows
a high magnification micrograph of the partially transformed microstructure from the 700°C iso-
thermal hold, and indicates the major microstructural constituents. The original austenite (y) is
outlined by a series of small precipitates (C/N) that are believed to be nitrides/carbides that
formed at the original ferrite/austenite interface [15]. Secondary austenite and ¢ grow coopera-
tively into the original ferrite. The discontinuous precipitation of sigma appears most clearly at
the top of the original austenite grain, where multiple cells of austenite are growing with sigma
forming in the cusps between them. Isolated sigma phase precipitates also appear in the ferrite,
where they most likely nucleated heterogeneously from preexisting inclusions or defects in the
ferrite phase and are accompanied by secondary austenite.

At longer transformation times, the JMA exponent decreases to values of approximately
0.75, which can indicate thickening of large plates or growth of particles after nucleation site
saturation was achieved [28]. This transformation mechanism would occur when the majority of
available nucleation sites are already taken and the transformation continues by growth of the
existing sigma phase particles. Thus, the formation of sigma in this alloy is one that appears to be
strongly influenced by the nucleation conditions since growth of the sigma is slow at these tem-
peratures. Even at the highest temperatures and longest isothermal hold times (see Fig 1b), the
sigma particles retain their individual shapes, and never appear to grow larger than about 10um
in size.

According to Grong [31], the activation energy for heterogeneous nucleation, Qq, can be
estimated from isothermal transformation data by plotting it on 1/T versus In(t) coordinates for a
given amount of transformation. A C-curve plotted on these coordinates retains its C shape, but
is distorted and has well defined asymptopes, and Qg can be determined from the product of the
slope of the low temperature asymptope and the universal gas constant, R. At low temperatures,
below the nose of the C-curve, Qq represents the activation energy for atomic transport across the
nucleating phase interface, and can be used as a relative indicator of the ease of nucleation. To
determine Qq, Fig. 14 plots the synchrotron data for 1, 10, 25, 50 and 75% sigma formation rela-
tive to their equilibrium values on the 1/T versus In(t) coordinates. Qg was then determined from
the data taken between the two lowest temperatures, 700°C and 750°C, and the results are sum-
marized in Table 5. The results indicate that Qg tends to increase with fraction transformed, and
has values that vary from 357kJ/mole to 482 kJ/mole. These activation energies can be com-

12
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pared to the values for diffusion of sigma forming elements, Cr and Mo, in the ferrite and austen-
ite phases. Diffusion of Mo and Cr in the austenite and ferrite phases of pure iron vary between
values of 230 and 290 kJ/mole depending on the diffusing specie and its concentration [32].
Therefore, Qq is significantly higher than the activation energy for diffusion in this system. The
higher activation energy indicates that nucleation is likely a controlling factor in the formation of
sigma, and indicates that long range diffusion to the growing sigma may not be limiting its for-

mation.

Austenite to Ferrite Transformation During Cooling to Room Temperature

During the isothermal hold, the amount of ferrite decreased as it transformed to a mixture
of sigma and secondary austenite. The maximum amount of ferrite at the end of the hold was
shown to vary with temperature, from only 3.2% for the sample held at 700°C to nearly 0% for
the sample held at 800°C. However, after the samples were cooled back to room temperature,
the microstructure revealed significantly higher amounts of ferrite present in each. Fig 1b
showed the post heat treated microstructure of the sample held at 850°C, clearly indicating the
presence of large amounts of ferrite, which are on the order of 30%. The ferrite that appears in
this sample at the end of the experiment was created by the back transformation of austenite to
ferrite as the sample cooled to room temperature. This partial transformation of austenite to fer-
rite is expected based on the thermodynamic calculations shown in Fig 2, which indicate that
austenite begins to transform to ferrite at temperatures below about 700°C.

The amount of ferrite that formed in one of the samples (800°C) was monitored during
cooling to follow the phase transformations back to room temperature. Figure 13 shows the re-
sults of this measurement and compares the ferrite, austenite and sigma phase contents from the
start to the end of the run. This plot shows that the austenite in the starting material (49.6%) in-
creased to 79.8% during the isothermal hold, but then decreased to 45.1% during cooling to room
temperature. Thus the final amount of austenite in this sample is only slightly less than the initial
amount. The ferrite on the other hand had an initial value of 50.4% which rapidly decreased to
near zero values during the isothermal hold. During cooling, the ferrite reappeared and increased
to 34.7% as the austenite transformed to ferrite. While the austenite and ferrite were transform-
ing during cooling, sigma did not transform at all, retaining 20.2% sigma at room temperature.
In the end there was a net decrease in the ferrite content of the sample of 15.7% and a net de-
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crease in the austenite of 4.5%, which was compensated for by the retained sigma at room tem-
perature of 20.2% in this sample.

The final ferrite/austenite ratio of the sample held at 800°C was measured to be approxi-
mately 0.8 (34.7/45.1) at room temperature, which is significantly below that of the starting ma-
terial of approximately 1.1 (50.4/49.6). This low ferrite/austenite ratio after the 800°C hold is the
result of an incomplete transformation of austenite to ferrite, and is significantly lower than that
predicted from equilibrium thermodynamics due to kinetic limitations during the rapid cooling of
the sample back to room temperature. Thus, the direct observation of the phases existing at ele-
vated temperature made possible with in-situ x-ray diffraction, provided confirming evidence of
the phases and conditions that are not present in post experimental observations, nor can be accu-

rately predicted by thermodynamic calculations alone.

Summary and Conclusions

The ability to directly observe phase transformations using synchrotron radiation pro-
vides an ideal means to study complex phase transformations with unambiguous observations of
the phases that are present. Using this technique, the formation of sigma and the corresponding
ferrite and austenite transformations were able to be studied with higher accuracies than can be
provided by conventional techniques, and from the results the following conclusions were made.

1. The formation and growth of sigma in 2205 DSS was observed and measured in real time
using synchrotron radiation during isothermal heat treating at temperatures between 700°C
and 850°C, and for times up to 10 hr.

2. Ferrite was observed to transform to a mixture of sigma and austenite phases during the 10 hr
hold times. The measured amounts of sigma were compared to those predicted by Thermo-
calc version g using the TCFe2 database. Differences between the calculated and measured
amounts of sigma exist, suggesting that the thermodynamic calculations underpredict the
maximum temperature where sigma can exist by about 50°C (860°C calculated versus over
900°C estimated from the measurements).

3. The in-situ synchrotron data were quantified to measure the transformation rates and final
volume fractions of each of the phases at the different temperatures. The results show that

hold times of 3 hours were long enough to create near equilibrium transformations at all tem-
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peratures except at 700°C, which required more than 10 hours for the transformations to go to

completion.

. A TTT diagram was created for the sigma transformation in this 2205 DSS, showing that the

nose of the curve is at approximately 800°C, which is similar to the results from other inves-
tigators who find the nose at temperatures between 800°C and 850°C.

A JMA analysis of sigma transformation kinetics revealed that the transformation rates were
significantly different at low and high amounts of sigma. At low sigma fractions, the initial
JMA exponent, n, was found to be approximately 7.0. However, n was shown to continu-
ously decrease to values of approximately 0.75 near the end of the transformation. Reliable
values of the activation energy, Q, and the JMA pre-exponential term, ko, were not able to be
determined for this transformation due to this variation in n.

The change in the JMA exponent was attributed to changes in the transformation mechanism
whereby the higher values during the early stages of transformation corresponded to discon-
tinuous precipitation mechanism with increasing nucleation rate, the higher values during the
later stages of the transformation corresponded to growth of the existing sigma after nuclea-
tion site saturation occurred.

The back transformation of austenite to ferrite during cooling after the isothermal hold was
measured, showing that the austenite decreases back to near its original value after the sam-
ple has cooled and the ferrite increases to a value significantly less than its original value, in-

dicating that sigma formed primarily from the ferrite phase.
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Table 1. Summary of calculated diffraction peaks at 30 keV. Unit cell volumes are given in the
first column. The peak ID column refers to the indexing of the sigma phase in Fig 4, starting
with the lowest 26 peak observed in the detector window, sigma (002). Sigma phase peaks with
less than 3% intensity are not listed nor indicated in Fig 4.

Peak 20 d Intensity Structure

Phase ID il (deg.) (A) (%) Factor (F?) M
Austenite 111 11.98 1.980 94.3 4944 8
(fcc) 200 13.84 1.715 59.7 4178 6
40.35 (A% 220 19.62 1.213 69.4 2427 12
Ferrite 110 11.64 2.037 100 1273 12
(bcce) 200 16.50 1.440 32.0 816 6
23.91 (A% 211 20.24 1.176 90.2 574 24
Sigma 311 9.89 2.398 4.45 1664 16
(tetragonal) 1 002 10.30 2.302 18.16 54350 2
363.4 (A%) 2 410 11.01 2.155 73.15 54737 8
3 330 11.33 2.094 33.47 50086 4

4 202 11.61 2.044 30.53 22843 8

5 212 11.91 1.992 61.6 23043 16

6 411 12.16 1.952 100 37411 16

7 331 12.45 1.906 50.1 37489 8

8 222 12.78 1.857 11.65 8718 8

9 312 13.33 1.780 13.74 5142 16

10 322 14.11 1.682 3.75 1403 16

11 431 14.32 1.658 3.95 1476 16

12 511 14.57 1.630 3.52 1316 16

13 432 16.90 1.407 3.13 1170 16

14 512 17.11 1.389 3.02 1128 16

15 522 17.73 1.341 6.73 2518 16

16 532 18.72 1.271 21.45 8025 16

17 550 18.93 1.257 7.86 11768 4

18 413 19.03 1.250 27.43 10264 16

19 602 19.10 1.245 11.07 8283 8

20 333 19.22 1.238 13.98 10457 8

21 612 19.29 1.233 9.17 3432 16

22 702 19.50 1.220 18.82 14083 8

23 551 19.63 1.212 10.67 7983 8

24 622 19.85 1.199 5.66 2117 16
25 542 20.28 1.188 4.94 1849 16
26 721 20.18 1.180 12.9 4830 16

27 004 20.69 1.151 11.3 128 2
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Table 2. Summary of volume fractions measured at the beginning of the heating cycle and at the
end of the isothermal holds. The equilibrium values, as determined by Thermocalc, are shown

for comparison.

Amount Isothermal hold temperature
of Phase 700°C 750°C 800°C 850°C
Start of hold
Ferrite (%) 57.2 55.0 50.4 53.5
Austenite (%) 42.8 45.0 49.6 46.5
Time, first sigma (s) 2003 192 96 157
End of hold
Time (s) 36070 25007 35951 36241
Ferrite (%) 3.2 0.29 .05 1.9
Austenite (%) 78.3 77.2 79.8 78.3
Sigma (%) 18.5* 22.7 20.2 19.8
Thermocalc
Ferrite (%) 0 0 0 31.6
Austenite (%) 78.6 80.6 82.5 65.0
Sigma (%) 21.4 19.4 17.5 3.4

* Transformation not completed at end of 10 hour isothermal hold.

Table 3. Summary of measured times required to form given amounts of ¢ phase in the micro-

structure.
Sigma, 700°C 750°C 800°C 850°C
% of sigma time sigma time sigma time sigma time
equilib- actual actual actual actual
rium
value
(%) (%) (%) (%) (%) (%) (s) (%) ()
1 0.24 2291 0.23 276 0.20 108 0.20 153
5 1.20 3521 1.14 312 1.01 132 0.99 181
10 2.40 4379 2.27 384 2.02 156 1.98 238
25 6.00 8840 5.68 559 5.05 228 4.95 422
50 12.0 17390 11.4 888 10.1 408 9.90 890
75 18.0 35990 17.0 2184 15.2 1056 14.9 2777
90 21.6 * 20.4 4452 18.2 2748 17.9 6493
95 22.8 * 215 6306 19.2 4884 18.9 8707
99 23.8 * 22.5 11205 20.0 8256 19.7 15855

* Transformation <90% complete in 10 hrs, 24% sigma estimated if completely transformed.
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Table 4. Results of the JMA calculations for sigma phase formation at each of the four tempera-
tures. Initial and final refer to the early and later stages for the transformation respec-

tively.

Temperature n n
(°C) initial final
700 4.7 -
750 7.8 0.75
800 6.7 0.68
850 7.0 0.73

Table 5. Results of the activation energy calculations for the nucleation, Qq, of sigma phase.

Qu
(kJ/Mole)

1%

10%

25%

50%

75%

357

395

442

482

466
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Figure 1: Optical micrographs showing a) ferrite, a., etches blue/purple in color, and austenite, v,
etches tan/white in the base metal microstructure, and b) o phase, which etches black/brown in
color, and appears after the 10 h heat treatment at 850°C.
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Figure 2: Calculated phase fractions for the 2205 DSS alloy used in this study. The Y-axis in
plotted in mole fraction, where one mole is an Avogadro’s number of total atoms.
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Figure 3: a) Schematic diagram of the x-ray setup used for in situ observations of phase trans-
formations under controlled heating and cooling conditions. b) Plot showing the partial Debye
circles obtained using the CCD detector for the 2205 DSS in the as-received condition.
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Figure 4: Comparison of the room temperature diffraction pattern after heat treating to form
sigma phase (black line) with the calculated diffraction pattern of the sigma phase (red line). In-
dexing numbers for the sigma phase correspond to the peaks summarized in Table 1. Note that

the sigma (330), peak 3, overlaps with the fcc (111), and that the sigma (202), peak 4, overlaps
with the bcc (110) peaks.
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Figure 5: Pseudo-color plot (red corresponds to the highest intensity, blue corresponds to the
lowest intensity) of high d-spacing diffraction peak intensities for the first 2000s of the isother-
mal hold. The heating initiates at t=0s, followed by a rapid increase in d-spacing of the peaks
until the isothermal hold temperature of 800°C is reached.
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Figure 6: Summary of the measured fractions of the ferrite (bcc), austenite (fcc) and sigma
phases as a function of time at 800°C for times up to 1 hr.
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Figure 7: Results from the in-situ synchrotron measurements plotting the fractions of a) ferrite,
b) austenite, and ¢) sigma during the isothermal holds at each of the four temperatures.
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Figure 8: Fraction sigma formed during the first 1 hour of the isothermal holds at each of the 4
temperatures.
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Figure 9: Plot showing the measured amount of sigma, relative to its equilibrium value, plotted
versus log of the isothermal hold time at the 4 different temperatures. C-curve kinetics are ap-
parent, with the nose occurring at approximately 800° C.
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Figure 10: JMA plot of the sigma phase fraction plotted versus In transformation time (s) at each
of the four isothermal temperatures. The non-linearity suggests a change in the transformation
mechanism between low and high fractions of sigma phase.

Figure 11: Initial stages of sigma phase formation shown after a 800°C hold for 30 min. The
sigma phase precipitates form preferentially at ferrite/austenite and ferrite/ferrite boundaries.
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Figure 12: Micrograph taken after the 700°C hold. The original austenite (y), ferrite (o), secon-
dary austenite ( v), nitrides/carbides at the original austenite/ferrite interface (N/C), and sigma

phase (o) are indicated. The discontinuous precipitation mode of the a— y,+c transformation
can be seen along the top side of the original austenite grain.

1.0
Austenite
08 T g L s -5
8l -
® 3 \
e L \
o 06 ¢ |
B \|/
c y !
S 04 ] i
@ Si
© igma
" 0.2 . - — ?
{' Ferrite
0.0 . ,
0 2 4 6 8 10 12
Time (s)

Figure 13: Measured ferrite, austenite and sigma phases for the entire run at 800°C, showing the
partial transformation of austenite (from 79.8% to 45.1%) back to ferrite (from 0.05% to 34.7%)
during the final cooling stage of the run. The sigma phase was unaffected during cooling.
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Figure 14: Sigma phase in percent of the equilibrium value, plotted on 1/T versus In(t) coordi-
nates. The activation energy for nucleation can be estimated from the slope of the curve at the
lower temperatures between 700 and 750°C.
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