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ABSTRACT 

The formation and growth of sigma (σ) phase in 2205 duplex stainless steel was observed and measured in 
real time using synchrotron radiation during isothermal heat treating at temperatures between 700ºC and 
850ºC. Synchrotron experiments were performed on this material at the Advanced Photon Source (APS) 
while isothermally holding the samples for times of up to 10 hr.  During the isothermal hold, sigma formed 
in quantities up to 22% as the ferrite transformed to a mixture of sigma and austenite phases.  In addition, 
sigma formed at 850ºC was heated to 1000ºC to observe its dissolution.  The amounts of sigma that formed, 
and the dissolution temperature of sigma were compared to the results predicted by Thermocalc, showing 
differences between the calculated and measured values.  The synchrotron data was further modeled using a 
modified Johnson-Mehl-Avrami analysis to determine kinetic parameters for sigma formation.  The initial 
JMA 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.  Because of the variable value of n, it was 
not possible to determine reliable values for the activation energy and pre-exponential terms for the JMA 
equation.  During cooling to room temperature, the high temperature austenite partially transformed to 
ferrite, substantially increasing the ferrite content while the sigma phase kept its high temperature value.  
 

INTRODUCTION 

Duplex stainless steels (DSS) are often processed to have nearly equal amounts of ferrite 
and austenite in the microstructure, which provides them with a desirable combination of 
strength, toughness, and corrosion resistance [1].  However, when exposed to elevated 
temperatures between approximately 600ºC and 1000ºC for sustained periods of time, 
several undesirable intermetallic phases can form [2, 3].  The σ phase, which has a 
complex tetragonal crystal structure with a large unit cell, is the most prominent of the 
intermetallic phases.  Sigma is enriched in Cr and Mo relative to the nominal composition 
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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 corrosion 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 850ºC isothermal heat treatment [6].  Decreases in the pitting and crevice 
corrosion resistance are also pronounced in the presence of σ phase.  This decrease in 
corrosion resistance is attributed to the regions surrounding the newly formed sigma 
precipitates which are depleted of Mo and Cr [10].  As a result, the DSS becomes 
susceptible to localized corrosion via a mechanism similar to sensitization observed in 
austenitic stainless steels.   

 During elevated temperature processing of DSS, sigma preferentially nucleates 
heterogeneously at either austenite/ferrite or at ferrite/ferrite grain boundaries that are 
present in the starting microstructure.  The amount of ferrite that forms depends on both 
the alloy composition and the amount of ferrite in the starting microstructure.  Sigma phase 
has been observed in cast alloys [11, 12], in weld metal fusion and heat affected zones [13-
15], and in continuously cooled [16] duplex stainless steels, indicating its propensity to 
form under numerous materials processing conditions.   

 In this investigation, high intensity synchrotron x-ray radiation is used to directly 
observe the transformation of ferrite to sigma phase and secondary austenite in 2205 DSS, 
and to observe the dissolution of sigma at temperatures approaching 1000ºC.  The results 
from these experiments are used to determine the kinetics of σ formation and dissolution, 
and help to provide a sound basis for the design of DSS alloys for a given application 
without significant degradation of properties. 

 

EXPERIMENTAL PROCEDURES 

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 where synchrotron radiation 
was employed to observe phase transformations during welding [17, 18].  The as-received 
material had been solution mill annealed at 1065ºC for 2.5 hrs followed by water quenching 
to produce a balanced ferrite/austenite microstructure.  All of the samples were removed 
from the 10.8 cm diameter bar along the direction of extrusion.  The sample geometry was 
the same as that used in other experiments, measuring 100 mm long by 4.75 mm wide and 2 
mm thick [19, 20]. 

 Fig. 1 shows the heat treated microstructure after an 850ºC isothermal hold for 10 
hrs.  This microstructure was revealed using an electrolytic KOH etch (50 gm KOH, 100 mL 
water) held at a voltage of 5V for approximately 10 s [11].  Here sigma is present in volume 
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fractions near 20%, and is the most darkly etched phase (brown/orange/black) in the 
microstructure.  The ferrite etches a blue/purple color and the austenite etches a tan/grey 
color. 

  
THERMODYNAMICS 

 
ThermoCalc® version q and the TC Fe2 database was used to calculate the phase equilibria 
in the 2205 DSS alloy.  The model considered the effects of Fe, Cr, Ni, Mo, Mn, Si, C, and 
N, on the presence of ferrite, austenite, sigma, nitrides/carbides, and the liquid phases.   Fig. 
2 shows the resulting phase fraction versus temperature plot, indicating that ferrite 
transforms to a combination of austenite and sigma during heating up to 700ºC.  Between 
700ºC to 800ºC the ferrite does not exist, yet the sigma partially transforms to austenite as 
the temperature increases.  At 800ºC ferrite begins to form again, and sigma continues to 
decrease until it completely disappears at a temperature of approximately 860ºC.  At higher 
temperatures, ferrite increases and austenite decreases until they have equal amounts at 
1065ºC.  Since the microstructure of the initial 2205 DSS is metastable due to its quenching 
from elevated temperatures, the real microstructure starts off with a significantly different 
ferrite/austenite ratio than that predicted from the thermodynamic calculations.   

 
IN-SITU X-RAY DIFFRACTION EXPERIMENTS 

 
Two types of in-situ x-ray diffraction experiments were performed while heating test 
coupons in vacuum using a direct resistance method [19-21].  In the first series, samples 
were heated to predetermined temperatures between 700ºC and 850ºC and held at this 
temperature for periods up to 10 hr to observe the isothermal transformation of ferrite to 
sigma and austenite.  In the second, the sample was heated to the initial temperature of 
850ºC where it was held for 30 min to form a measurable amount of sigma.  The sample was 
then ramped to 1000ºC and back to 850ºC at a slow rate of 0.25ºC/s to determine the 
temperature where sigma dissolves.  After ramping to and from 1000ºC, the sample was held 
at 850ºC for an additional 30 minutes to observe the re-formation of sigma before cooling 
the sample back to room temperature at approximately 20 ºC/s.    

 The experiments were performed at the Advanced Photon Source (APS) at the 
Argonne National Laboratory on the UNICAT beam line BM-33-C.  This beam line 
produced a 30keV x-ray beam that was adjusted to a size of 1.0 mm wide by 0.25 mm high 
using vertical and horizontal slits.  A schematic diagram of the experimental setup is shown 
in Fig. 3, showing the environmental chamber that is pumped down to 10 mtorr prior to 
starting the experiment, the water cooled grip sample holder, Type S thermocouple and the 
sample inside.  During the experiment, the x-ray beam passes through a kapton window and 
impinges on the top surface of the sample at a 5° angle of incidence.  Diffraction takes place 
on the surface of the sample and the diffracted beams pass through a second kapton window 
behind the sample before being collected by a CCD detector placed 330 mm behind the 
sample.  The detector was manufactured by Roper Scientific (A99k401, RS/Photometrics) 
and uses a 6.1 x 6.1 cm2 array of 1024x1024 pixels spaced 60 microns apart, and was set to 
integrate the diffraction patterns over a 1 s exposure time.  The detector requires an 
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additional 2 s to clear the data from the CCD detector and transfer it to the computer.  After 
the data was recorded, the Debye arcs were converted into a conventional diffraction plot to 
show the diffracted beam intensity versus d-spacing using Fit-2D software.  Additional 
details about the data acquisition technique on this beam line are presented elsewhere [19, 
20]. 

  Figure 4 shows a room temperature diffraction pattern (upper line) taken after an 
850ºC heat treatment where a significant amount of sigma phase has formed.  Superimposed 
on this figure is a calculated diffraction pattern of the sigma phase (lower line) [21].  The 
results show that three austenite peaks, three ferrite peaks, and a multitude of sigma peaks 
should appear in the diffraction window.  All of the non-fcc or non-bcc peaks can be 
attributed to the sigma phase, and it can be seen that the sigma (330), peak 3, overlaps with 
the fcc (111), and that the sigma (202), peak 4, overlaps with the bcc (110) peaks.  A 
complete indexing of all of the diffraction peaks for this DSS alloy is presented elsewhere 
[21].     

 Once all the x-ray diffraction data was acquired, the peak areas were measured for 
each phase and used as a means to determine their relative amounts.  The peaks used in this 
measurement were the three major bcc peaks, (110), (200), 220), and the three major fcc 
peaks, (111), (200), (220).  In addition, six of the highest d-spacing peaks of the sigma phase 
were analyzed corresponding to the (002), (410), (212), (411), (331), and (222) reflections.  
The diffraction peaks were then converted into fractions of each phase by taking into 
account the structure factors for ferrite, austenite, and sigma phases, the multiplicity for each 
peak, and the Lorentz polarization factors as described elsewhere [21].   These calculations 
were performed on every diffraction pattern throughout the isothermal hold, allowing the 
volume fraction of each phase to be determined as a function of isothermal hold time. 
 

 
RESULTS 

 
SIGMA FORMATION DURING ISOTHERMAL HEATING 

 
The isothermal experiments were performed according to the time-temperature profiles 
listed in Table 1.  In this table, the different temperatures, holding times and amounts of each 
phase at the beginning and end of the isothermal hold are given.  In addition, the volume 
fraction of each phase is listed at the beginning and end of each heat treatment, and the time 
at which sigma phase was first observed is also shown.  These results are summarized from 
the in-situ x-ray diffraction patterns such as the one shown in Fig. 5, 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 represented by different colors.   In this figure, the initial 
2000 s of the run at 800ºC is plotted, from t=0 s where heating initiates through the 
formation of a significant amount of sigma phase.  As soon as the sample begins to heat, the 
fcc and bcc diffraction peaks shift to higher d-spacings due to the thermal expansion effect. 
During the isothermal hold, which begins at t=48 s, the intensity of the bcc peak 
immediately begin to decrease while the intensity of the fcc peaks increase.  At t=96 s, the 
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sigma (410) peak first appears, but at low intensity.  With increased holding time this peak 
intensifies and additional sigma peaks appear as the sigma phase grows.    

 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 
[21].  Fig. 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 at 800ºC.  The alloy begins with a ferrite/austenite ratio of approximately 1:1, 
which decreases considerably as ferrite partially transforms to austenite and sigma phases.  
Sigma, which first appears at t=96 s, rapidly increases to approximately 90% of its 
equilibrium value within the first 1 hr of the run.  Similar transformations were observed at 
the other isothermal hold temperatures.  However, the rates of transformation and amounts 
of sigma phase produced varied with temperature.  

 Figure 7 compares the measured amounts of sigma phase as a function of time for 
each of the four isothermal holds. The amount of sigma formed varies from 19.8% to 22.7%, 
as summarized in Table 1, with the lowest amount of sigma being found at the highest 
temperature (850ºC).  Equilibrium volume fractions appear to be reached at all of the 
temperatures except 700ºC.  The data was further plotted in Fig. 8 to show the time 
temperature relationships for the formation of sigma phase at seven different amounts of 
transformation, between 1% to 99%.  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 1), and this value decreased with increasing temperature.  This 
plot clearly indicates C-curve kinetics with the nose of the transformation occurring at 
approximately 800ºC.    

 Table 1 compared the measured amounts of sigma phase with those predicted by 
Thermocalc, and showed significant differences between the two.   The measured amounts 
of sigma phase for the three temperatures where near equilibrium amounts of sigma formed 
(750ºC, 800ºC and 850ºC) exceed those predicted by Thermocalc.  At 750 and 800ºC, the 
difference is only a few percent.  At 850ºC, however, the difference is nearly a factor of 6.  
Since the amount of sigma phase decreases to zero at temperatures above its solvus, a 
reduction in the amount of sigma is expected at higher temperatures.  However, the 
temperature at which the rapid decrease in sigma occurs appears to be underpredicted by 
Thermocalc.  Whereas Thermocalc predicts zero percent sigma at 860ºC, the synchrotron 
measurements show approximately 15% sigma at this temperature.  Taking this data all 
together, it appears as though Thermocalc is underpredicting the sigma dissolution 
temperature by approximately 50ºC. 

 
ISOTHERMAL KINETICS OF SIGMA PHASE FORMATION 

 
Analysis of the synchrotron data on the 2205 DSS was performed using a Johnson Mehl 
Avrami (JMA) method to describe the overall transformation rate.  This approach can be 
represented by the following expression [22]:  

 
})(exp{1)( n

e kttf −−=  (eq. 1)  
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where fe(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: 

  )
RT
Qexp(kk 0 −=    (eq. 2) 

 
In this expression, k0 is a pre-exponential constant, Q is the activation energy of the 
transformation 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 nucleation and growth conditions, and is an indicator of the kinetics 
responsible for the transformation [23].  One way to determine the value of the JMA 
exponent from experimental data is to linearize eq. (1) by plotting the ln(ln(1-fe(t))) versus 
ln(t), where n can be determined from the slope of the data.  

Figure 9 plots the fraction sigma phase formed for each of the four temperatures on 
the JMA coordinates.  In this plot it is clear that the data do not follow a linear trend with 
ln(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 2.  These slopes give the JMA exponent, n, to be 
approximately 7.0.  However, n continuously 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 
JMA exponent, and suggests that the mechanism for the transformation is changing as the 
transformation proceeds.  Because of this, reliable values of the activation energy, Q, and the 
JMA pre-exponential term, ko, were not able to be determined for this transformation.  
However, the changing slope and its value are useful information nevertheless since this 
information can be used as an indicator of the type of nucleation and growth conditions that 
are occurring.   

According to Christian [23], 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.  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 [23].  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 phase in this alloy is one that appears to be strongly 
influenced by the nucleation conditions since growth of the sigma phase is slow at these 
temperatures.  Even at the highest temperatures and longest isothermal hold times (see Fig 
1), the sigma phase particles retain their individual shapes, and never appear to grow larger 
than about 10 μm in size. 
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AUSTENITE TO FERRITE TRANSFORMATION DURING COOLING 
 

During the isothermal hold, the ferrite transformed to a mixture of austenite and ferrite 
phases, and the maximum amount of ferrite at the end of the hold varied with temperature.  
The highest amount of ferrite at the end of the hold was only 3.2% for the sample held at 
700ºC, and the lowest amount of ferrite was near 0% in the sample held at 800ºC.  However, 
after the samples had been cooled back to room temperature, the microstructure revealed a 
significant amount of ferrite present in each.  Fig 1 showed the post heat treated 
microstructure of the sample held at 850ºC, clearly indicating the presence of large amounts 
of ferrite, on the order of 30%.  The ferrite that appears in the sample after heat treating was 
created by the back transformation of austenite to ferrite during cooling to room 
temperature.  This partial transformation of austenite to ferrite is expected based on the 
thermodynamic calculations shown in Fig 2, which indicate that austenite begins to 
transform to ferrite at temperatures below about 700ºC.   

The amount of ferrite that re-formed in one of the samples (800ºC) was monitored 
during cooling to follow the phase transformations back to room temperature.  Figure 10 
shows the results 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%) increased 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 has an 
initial value of 50.4% which rapidly decreased to near-zero values during the isothermal 
hold.  During cooling, the ferrite increased to 34.7% as the amount of austenite decreased.  
While the austenite was transforming to ferrite during cooling, the sigma phase did not 
transform at all, retaining 20.2% sigma phase at room temperature.  In the end there was a 
net decrease in the ferrite content of the sample of 15.7% and a net decrease in the austenite 
of 4.5%, which was compensated for by the retained sigma phase at room temperature of 
20.2% in this sample.  Thus, the direct observation of the phases existing at elevated 
temperature made possible with in-situ x-ray diffraction provides confirming evidence of the 
phases and condition that are not present in post experimental observations. 

  
 

SIGMA PHASE DISSOLUTION AND RE-FORMATION 
 

One of the samples was used to observe the formation and dissolution of sigma phase.  This 
sample was heated at a rate of 20ºC/sec to an initial temperature of 850ºC where it was held 
for 30 min to form a measurable amount of sigma.  The sample was then ramped to 1000ºC 
and back to 850ºC at a slow rate of 0.25ºC/s to determine the temperature where sigma 
dissolved.  After ramping to and from 1000ºC, the sample was held at 850ºC for an 
additional 30 min to observe the re-formation of sigma before cooling the sample back to 
room temperature at approximately 20ºC/s.  Figure 11 shows the results of the x-ray 
diffraction data plotted for the initial 3700 s of the run, over the d-spacing range where the 
most important sigma phase peaks appear.  In this plot, the series of diffraction patterns are 
plotted with time along the y-axis, d-spacing along the x-axis, and the intensities of the 



8     Mathematical Modelling of Weld Phenomena 8 
 
diffraction peaks represented by different colors.  The heating initiates at t=0 s, 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 to 850ºC.  During holding, the 
intensity of the bcc peaks immediately began to decrease while the intensity of the fcc peaks 
increased.  At t=81s, the first sigma peak (411) appears, 40s into the isothermal hold.  With 
increased holding time this peak intensifies and additional sigma peaks develop, reaching a 
maximum of 13.4%.  The ramp to 1000ºC begins at t=1850 s, reaching 1000ºC at t=2450 s.  
As the temperature ramps up the amount of sigma decreases, eventually reaching 0% at a 
temperature of 985ºC.  Sigma does not reappear again until the sample has been cooled back 
down and held at 850ºC.   

A summary of the measured fractions of sigma, ferrite and austenite is shown in Fig. 
12, including the temperature profile for this experiment.  It is clear that sigma forms in 
increasing amounts until the temperature begins to ramp from 850ºC to 1000ºC, reaching 0% 
at 985ºC.  This observed dissolution temperature for sigma is more than 100ºC higher than 
predicted by thermodynamics.  The difference is most likely a combination of some 
inaccuracies in the thermodynamics, the fact that the sample was being heated a constant 
rate so that the observed dissolution temperature is somewhat above its true equilibrium 
value, and possible errors in the temperature measuring accuracy.   

The accuracy of the temperature measurement is only a few degrees centigrade, and 
can be estimated from the accuracy of the Type S thermocouple plus any uncertainty in the 
timing between the temperature measurement and the integration time of the x-ray detector.   
The thermocouple accuracy is stated to be 0.25% of the measured value or 1.5ºC, whichever 
is greater, and this factor becomes 2.5ºC at 1000ºC.  The uncertainty based on the x-ray 
detector timing is the heating rate (0.25ºC/s) multiplied by the x-ray integration time (1 s), 
which is 0.25ºC.  Adding these two values together gives a total measurement uncertainty of 
the dissolution temperature of 2.75ºC, so this in not believed to be a major contribution to 
the observed dissolution temperature difference. 

 Although the heating rate of this sample is fairly slow at 0.25ºC/s, it would still be 
expected that there is some overshoot of the temperature due to kinetic effects before sigma 
dissolves completely.  With only one heating rate examined here, it is not possible to 
determine how much superheat can be attributed to the heating rate effect, and additional 
experiments are planned at different heating rates to study this effect. 

The third contribution to the difference in the measured and calculated dissolution 
temperature is the accuracy of the thermodynamic calculations themselves.  Although this is 
not a known factor, there is evidence in the measured data that the thermodynamic 
calculations are underpredicting the dissolution temperature.  Although the thermodynamics 
predicts the equilibrium fraction of sigma to be only 3.4%, 13.4% sigma is measured after 
30 min of holding at 850ºC, and nearly 20% is expected to form at longer holding times 
[13].  This difference can only be explained if the thermodynamics are underpredicting the 
sigma dissolution temperature.  Another indication is that the ferrite calculations also appear 
to be off.  Thermodynamics predicts ferrite to be in excess of 20% at 850ºC, but the 
measured value was only 13% and was decreasing with additional holding time. 

After reaching 850ºC it took 186 s before the first sigma was observed.  This time is 
more than 4 times longer than that required during the initial heating stage (40 s).  In 
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addition to the longer time required for sigma to appear, the rate of sigma formation was 
significantly reduced after cooling down from 1000ºC.  As indicated in Fig. 7, 13.4% sigma 
was formed during the first 1800s hold, whereas only 5.4% sigma formed during the same 
amount of time after cooling down from 1000ºC.  The slower kinetics are most likely related 
to homogenization that takes place at the higher temperature which reduces the 
concentration of Cr and Mo.  In addition there is a possible decrease in the number of 
preferred nucleation sites for sigma since some grain growth would have taken place at 
1000ºC to reduce the amount of grain and phase boundaries. 

 
 

CONCLUSIONS 
 

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

2.   Ferrite was observed to transform to a mixture of sigma and austenite during the 10 hr 
hold times.  The measured amounts of sigma were compared to those predicted by 
Thermocalc version q using the TCFe2 database.  Differences between the calculated 
and measured amounts of sigma suggest that the thermodynamic calculations 
underpredict the maximum temperature where sigma can exist by about 50ºC 

3.   A TTT diagram was created for the sigma phase transformation, showing that the nose of 
the curve is at approximately 800ºC, which is similar to the results from other 
investigators who find the nose at temperatures between 800ºC and 850ºC. 

4. A JMA analysis of the sigma phase transformation kinetics revealed that the 
transformation rates were significantly different at low and high amounts of sigma 
phase.  At low sigma fractions, the initial JMA exponent, n, was found to be 
approximately 7.0.  However, n was shown to continuously 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 the 
transformation due to this variation in n. 

5.  The change in the JMA exponent with the amount of sigma formed was attributed to 
changes in the transformation mechanism whereby the higher values during the early 
stages of transformation corresponded to discontinuous precipitation mechanism with 
increasing nucleation rate, the lower values during the later stages of the transformation 
corresponded to growth of the existing sigma phase after nucleation site saturation 
occurred. 

6.  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 sample has cooled and the ferrite increases to an amount significantly less than its 
original value, while sigma maintained its high temperature value when cooled to room 
temperature. 

7.   Dissolution of sigma at 850ºC was observed to occur at 985 ±2.8ºC while heating at the 
rate of 0.25ºC/s.  This temperature is more than 100ºC higher than the value predicted 
by thermodynamic calculations. 
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8.  The kinetics of sigma formation at 850ºC were significantly slower after dissolution at 

1000ºC than before.  This change is likely related to homogenization that took place at 
the peak temperature plus a reduction in the amount of preferred sigma nucleation sites. 
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Table 1.  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. 
 

Isothermal hold temperature Amount 
of Phase 700ºC  750ºC 800ºC 850ºC 

     
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 2.  Results of the JMA calculations of sigma formation at the four 
temperatures.  Due to the changing value of n, the other JMA parameters could 
not be reliably determined. 

 
Temperature 

(ºC ) 
n 

initial 
n 

final 
700 4.7 - 
750 7.8 0.75 
800 6.7 0.68 
850 7.0 0.73 
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Figure 1:  Optical micrographs showing the microstructure of the sample after the heat 
treating cycle.  Ferrite, α, etches blue/purple in color, austenite, γ, etches tan/white in color, 
and σ phase etches black/brown in color. 
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Figure 2:   Calculated phase fractions for the 2205 DSS alloy used in this study. The sigma 
phase is predicted to be present only at temperatures below 860ºC.  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:  Schematic diagram of the x-ray setup used for in-situ observations of phase 
transformations under controlled heating and cooling conditions.  
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Figure 4:  Comparison of the measured room temperature diffraction pattern after heat 
treating showing bcc, fcc and sigma (upper pattern) with the calculated diffraction pattern of 
sigma (lower pattern).    
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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 2000 s of the 
isothermal hold at 800ºC.  The heating initiates at t=0 s, followed by a rapid increase in d-
spacing of the peaks until the isothermal hold temperature 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 800ºC for times up to 1 hr. 
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Figure 7: Results from the in-situ synchrotron measurements of sigma during the isothermal 
holds at each of the four temperatures.  
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Figure 8: 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 apparent, with the nose occurring at approximately 800º C. 
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Figure 9: JMA plot of the sigma phase fraction plotted versus ln 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. 
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Figure 10: Measured ferrite, austenite and sigma phases for the entire run at 800ºC.  The 
partial transformation of austenite to ferrite during the final cooling stage of the run is 
apparent, while the sigma phase was unaffected during cooling. 
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Figure 11:  X-ray diffraction sequence for the first 3700 s of the run where the temperature 
was ramped to and from 1000°C.   
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Figure 12: Measured fractions of ferrite (bcc), austenite (fcc) and sigma as a 
function of time.  The temperature profile is indicated by the dashed line.  Noise 
in the ferrite and austenite fractions appear at high temperatures when grain 
growth occurs and only a few grains satisfy the Bragg condition for diffraction.  




