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Research SummaryPhase Transformations

How would you…

…describe the overall signifi cance 
of this paper?

The paper improves the knowledge 
on the precipitation kinetics of 
dangerous intermetallic phases 
which have a detrimental effect on 
the toughness of duplex stainless 
steel. Furthermore, a comparison 
between different measuring 
techniques of analysis was 
performed.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

This work investigated the effect 
of aging temperature, time of 
treatments, and cooling rates on 
the microstructure (austenite/ferrite 
ratio) and the amount of secondary 
phase precipitation on two duplex 
stainless steels. This work was done 
to fi nd the thermal conditions to 
avoid toughness depletion, which 
can cause premature failure of these 
steels.

…describe this work to a 
layperson?

Stainless steels, especially the grade 
used in this study, suffer from lower 
toughness caused by secondary 
phase precipitation especially 
when these steels undergo thermal 
treatments. In this study the infl uence 
of thermal treatment parameters on 
the precipitation of these secondary 
phases was investigated.

 The use of duplex stainless steels 
is limited by their susceptibility to the 
formation of dangerous intermetal-
lic phases resulting in detrimental 
effects on impact toughness and cor-
rosion resistance. This precipitation 
and the quantitative determinations of 
the phases have received considerable 
attention and different precipitation 
sequences ( phase,  phase, and car-
bides) have been suggested. This study 
investigates the phase transformation 
during continuous cooling and isother-
mal treatments in commercial duplex 
stainless steel grades and the effects 
on alloy properties, and compares the 
most common techniques of analysis.

INTRODUCTION

 A favorable combination of mechan-
ical and corrosion properties character-
izes duplex stainless steels (DSS), as 
they consist of almost equal parts of 
austenite and ferrite.1,2 Duplex steels are 
more susceptible to precipitation of in-
termetallic phases than austenitic steels 
due to their high chromium and mo-
lybdenum contents and high diffusion 
rates in the ferrite phase. These steels 
are prone to form secondary phases 
after exposure to temperatures ranging 
from 450ºC to 1,000ºC.3 The  phase is 
a hard, brittle non-magnetic intermetal-
lic phase, with high chromium and mo-
lybdenum contents, affecting both hot 
and room temperature ductility. Some 
authors report that  phase precipitates 
for shorter times than 4 and at slightly 
lower temperatures, but it has not been 
well investigated.
 These precipitates cause a dramatic 
deterioration in toughness and corro-
sion resistance.5,6 It has been demon-
strated that over a certain amount (be-
tween 5% and 10%) of a phase like 
phase, the toughness of duplex steels is 
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reduced to values too low for practical 
applications, but some features of the 
early stages of precipitation are not yet 
well understood.
 A very low cooling rate may deter-
mine different microstructures from 
surface to core, especially in large-sized 
bars, with a surface free of secondary 
phases and a core with a signifi cant 
amount of them. Therefore the critical 

cooling rate should be determined in 
order to avoid or to limit precipitation 
at the core. As a consequence of these 
characteristics, the correct procedure7,8

for measuring low contents of σ-related 
phases is needed, as the requirement 
for manufacturing or welding DSS to 
be “free of intermetallic phases” may 
be too strict. Starting from these data, it 
is evident that the metallographic tech-
niques used for secondary phase iden-
tifi cation play a fundamental role in 
phase identifi cation. Efforts have been 
made to determine the volume fraction 
of  phases in austenitic9 stainless steel 
and in duplex grades. Several electro-
chemical procedures10 and metallo-
graphic etchants11 have been tested and 
discussed for light microscopy,12 but it 
is quite diffi cult to identify separately 

 and  and to accurately quantify low 
amounts of such phases. 
 In this paper, the results concerning 
the formation of secondary phases in 
commercial DSS SAF 2205 and SAF 
2507 are presented. The precipitation 
has been examined during continuous 
cooling (SAF 2205) and isothermal 
treatments (SAF 2205 and SAF 2507). 
The goal of this study was to investigate 
the sequence of precipitation in differ-
ent thermal conditions and to compare 
the different techniques of precipitation 
analysis.
 See the sidebar for experimental pro-
cedures.

RESULTS AND DISCUSSION

Solution-Treated Sample

 The solution-treated materials have 
banded structure with elongated gam-
ma islands in the longitudinal sections, 
while the transverse sections have fer-
rite and austenite grains with isotropic 
structure. The values of volume frac-
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EXPERIMENTAL PROCEDURES
 The as-received materials were wrought SAF 2205 and SAF 2507 rods (30 mm) in the 
solution-annealed condition, with compositions reported in Table A.
 Isothermal aging treatments of annealed specimens were carried out at temperatures 
of 780–1,000ºC for times in the range of 5–120 min. Relatively short aging times were 
chosen so low amounts of secondary phases could be measured to investigate their pre-
cipitation kinetics. Continuous cooling tests were performed in a Setaram “Labsys TG” 
machine, in argon atmosphere. Samples (diameter 6 mm, length 8 mm) were solution 
treated  for 5 min. at temperatures of 1,020ºC and 1,050ºC. The samples were then cooled 
in argon at various cooling rates in the range of 0.02–0.4ºC/s. The volume fractions 
of ferrite and austenite in solution-treated samples were measured by image analysis 
on light micrographs at 200×, after etching with the Beraha reagent (room temperature 
[R.T.], 10 s). 
 Different phases were identified by scanning electron microscope (SEM) examina-
tion of unetched samples, using the backscattered electron (BSE) signal, on the basis of 
atomic number contrast effect: the ferrite appears slightly darker than austenite, while 
the secondary phases are lighter. The amounts of secondary phases were determined 
using image analysis software on SEM-BSE micrographs (10 fields, 1,000×) and the 
contribution of each phase to total volume fractions was determined. The SEM operated 
at 25kV; the BSE detector was set to maximize the atomic number contrast, allowing 
ferrite, austenite, and secondary phases’ identification. Scanning electron microscopy-
electron dispersive spectroscopy determined the chemical composition of the phases on 
unetched samples. The secondary phases were also quantified with image analysis on 
optical micrographs after etching with different reagents. An investigation on the capa-
bilities of the reagents named Murakami (aqueous solution of 10% K

3
Fe (CN)

 6
 and 10% 

KOH) and Groesbeck (aqueous solution of 4% KMnO
4
+ 4% NaOH), and an electrolytic 

etching (Nital and concentrated solution of NH
3
, 3.5 V, R.T.) was performed by etching 

different samples with the same reagent and the same sample with different reagents.
 Instrumented Charpy–V impact specimens, after isothermal treating, were prepared in 
the standard form of 10×10×55 mm3. Impact testing was done at room temperature.

Table A. Chemical Composition (wt.%) of SAF 2205 and SAF 2507. 

 C Si Mn Cr Ni Mo P S N Cu W Fe

2205 0.03 0.56 1.46 22.75 5.04 3.19 0.025 0.002 0.160 — — bal

2507 0.03 0.43 0.54 24.48 6.36 4.0 0.020 0.008 0.263 0.67 0.72 bal

tions of ferrite and austenite, measured 
with image analysis on an optical mi-
croscope (OM), are, respectively, aus-
tenite = 1±4% and ferrite = 49±4% in 
SAF 2205, and austenite 45±3% and 
ferrite 55±3% in SAF 2507. These are 
typical values for solution-annealed 
samples. No secondary phases were 
detected with scanning electron mi-
croscopy-backscattered electron mi-
croscopy (SEM-BSE).

Heat-Treated Samples

Murakami and Groesbeck

 At first, the capabilities of Murakami 
and Groesbeck reagents were tested on 
a group of SAF 2205 samples. In Fig-
ures 1 and 2 the OM and SEM-BSE 
micrographs, taken at 1,000× of the 
sample treated at 850ºC for 25 min., are 
shown. In Figure 1, the effectiveness of 
Groesbeck and Murakami reagents are 
difficult to determine. When the sec-
ondary phases are at micrometric scale 
the corrosion products overestimate 
them. On the contrary the SEM-BSE 
(Figure 2) micrograph shows all the 
phases, and the ferrite appears darker 
than austenite, while the secondary 
phases are lighter. An SEM-BSE im-

age at higher magnification is shown in 
Figure 3, in which ferrite, austenite, , 
and are marked. The particles of  
are brighter than  as their molybde-
num content is higher. 
 It may be concluded that the tested 
chemical etchants are not suitable to 
identify, or to accurately quantify sec-
ondary phases.

Electrochemical Etching

 The use of NaOH for 6 s, 8 s, and 10 
s results in a strong etching of the grain 
boundaries. The presence of secondary 
phases is revealed with 8 s of applica-
tion but the phases are not easily dis-
tinguishable from the grain boundaries, 
without differences between  and . 
The influence of immersion time is evi-
dent, with remarkable differences from 
6 s (no secondary phases) to 8 s and 10 
s. It can be concluded that NaOH is not 

suitable for secondary phases measure-
ment, as it is too affected by the immer-
sion time. On the contrary, the immer-
sion in modified Nital 10 results in a 
good detection of secondary phases, 
but the grain boundaries are outlined, 
so it is quite difficult to identify the 
phases with IA. Nital 10 gives a good 
contrast between matrix and precipitat-
ed phases: austenite is light blue, ferrite 
is white and all precipitated phases are 
dark, without any differences between 

 and . On the contrary in the SEM-
BSE micrograph (Figure 2)  and  are 
well identified. 
 The immersion in NH

3 
results in a 

strong etching of secondary phases, 
without any attack of grain boundaries 
and alloy matrix (Figure 4b). This con-
firms that the precipitation is mainly 
at grain boundaries, but no difference 
between  and  was seen. On the con-

Figure 2. An SEM-BSE micrograph of a 
sample treated at 850º, 25 min.

Figure 1. An  OM micrograph of a sample 
treated at 850°C, 25 min., after etching 
with Groesbeck.
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impact energy is about 50 J, and the 
final severe deterioration of toughness 
is induced by higher values (fractions 
> 1.5–2%). This statement agrees with 
the generally accepted specification for 
the DSS: a phase content of less than 
1% or lower to maintain the toughness 
value of 40–50 J. 
 A critical discussion of this dete-
rioration and fracture mechanism is 
reported in another paper.13 Starting 
from the discussed method capabili-
ties and from the effects of secondary 
phase on toughness, the amounts of 
secondary phases have been measured 
in SAF 2205 and SAF 2507. A short 
summary14,15 of the data is published 
elsewhere.

ISOTHERMAL TREATMENT 
OF SAF 2205 AND SAF 2507

Precipitation in SAF 2205

 After aging at 780ºC, the first precip-
itates were identified as  at high mag-
nification (2,000–4,000x) after 1,800 s 
aging and become more evident after 
2,400 s. The quantitative determination 
is not possible. 
 After aging at 850ºC, the  phase 
appears after about 600 s, while the 
phase appears after about 20 min. After 
30 min. the  phase and the  phase are 
both present: the  phase is always at 
the ferrite/austenite and ferrite/ferrite 
boundaries. The  phase penetrates 
the ferrite or grows along the ferrite/
austenite boundary. 
 After aging at 900ºC, as at 850ºC, 
the first phase present is the  phase at 
the grain boundaries. By increasing the 

Figure 4. (a) An SEM-BSE micrograph 
(900ºC, 40 min.); (b) optical micrograph 
(900ºC, 40 min.).

Figure 3. An  SEM-BSE, high magnifica-
tion image of the sample in Figure 2, with 
, , ferrite, and austenite. 

➞

➞

Figure 5. A match between vol. % of 
secondary phases measured on SEM 
and OM (NH3) micrographs (heat 
treatment 900°C).

Figure 6. The impact 
toughness versus % vol. of 
secondary phases meas-
ured on optical and SEM 
images.

10 m

trary the phases are well discriminated 
in SEM-BSE image Figure 4a.
 Thus, electrochemical etching with 
NH

3
 can be considered the best method 

to detect secondary phases with OM, 
but without any distinction between  
and .
 The capabilities of OM and SEM-

BSE can be appreciated in Figure 
5, where the amounts of secondary 
phases in the SAF 2205 as a function 
of holding time (temperature 900ºC) is 
reported. In samples with a low con-
tent of secondary phases, the corrosion 
products enhance the boundary effect 
and the immersion time affects the 
detection of phases. The result is that 
at the lowest phase’s contents (<1%), 
the OM data differ from SEM data by 
about 50–100%.
 Pores and inclusions that may have 
the same gray-scale appearance as in-
termetallic phases may be another po-
tential source of errors in OM images. 
Moreover in SEM-BSE the pores and 
inclusions are dark while the secondary 
phases are bright. They are identified as 
the result of the spatial distribution of 
elements; the uncertainty is only re-
lated to the beam resolution. The influ-
ence of secondary phases on toughness 
was studied through Charpy impact 
tests (at room temperature) (Figure 6). 
An attempt has been made to correlate 
the toughness to volume fraction of in-
termetallic phases since impact tough-
ness depends on the amount and types 
of intermetallic phases.
 In the OM data obtained on samples 
etched with NH

3
, the discrepancy is 

evident, suggesting that SEM-BSE is 
more accurate than OM in detecting 
and measuring the amount of second-
ary phases with image analysis. The 
solubilized material has average impact 
energy of 250 J, but only 0.5% of the 
secondary phases, measured on SEM 
micrographs, reduce it to about 100 J. 
A further drop occurs at 1%, when the 

a

b
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time, the amount of  phase increases 
and the  phase also appears in the 
form of coarser precipitates at the /  
boundary, but growing into the ferrite. 
Although  particles are, at the begin-
ning, less numerous than the -phase 
particles, they are coarser and grow 
more rapidly, quickly reaching almost 
the same volume fraction. By increas-
ing the holding time, the  phase grows 
to large particles, moving from the 
boundaries into the ferrite, embedding 
some small  particles. This seems to 
show the progressive transformation of 

 phase to  phase.

Precipitation in SAF 2507

 After aging at 800ºC, no precipitation 
was detected. When aging at 850ºC, the 
first  precipitates appear after 900 s 
aging and become more evident after 
1,200 s at boundaries and sometimes 
inside the ferrite grains. No  phase has 
been detected. The small size and very 
low amount of the particle do not allow 
measurement of the volume fractions, 
which can be reasonably estimated to 
be less than 0.1%. 
 After aging at 900ºC, the  phase ap-

pears after about 300 s at grain bounda-
ries, with some isolated -phase parti-
cles. A few small dark precipitates were 
detected at grain boundaries, identified 
as Cr

2
N on the basis of N peaks. After 

2,400 s , , and nitrides are present: 
phase is always at the ferrite/austenite 
and ferrite/ferrite boundaries (Figure 
7). At this temperature the formation 
kinetic of  phase is favored.
 After aging at 950ºC, the first precip-
itates of  appear after 180 s, while  
appears after 300 s. The percentage of 

 phase increases with time, while the 
percentage of phase decreases after 
1,800 s. Although  particles are, at the 
beginning, less numerous than -phase 
particles, they are coarser and grow 
more rapidly, quickly arriving almost 
to the same volume fraction. The pro-
gressive transformation of  to , oc-
curring mainly after 80 min., has been 
noted (Figure 8). The ferrite transfor-
mation is not complete.
 After aging at 1,000ºC for 5 min., 

 and  have been detected mainly at 
grain boundaries, with a few inside 
the ferrite grains. The amount of each 
phase is about 0.5%. By increasing the 
time, the amount of  slowly decreas-
es while the amount of increases to 
its maximum value after 15 minutes. 
Heating times longer than 20 min. can 
be compared to a non-complete solu-
bilization, with a partial dissolution 
of the phases, and chromium, molyb-
denum, and tungsten in solid solution. 
These data confirm that the 2507 grade 
must be solubilized at T>1,050º if the 
secondary phase free structure is man-
datory. 

Continuous Cooling of SAF 2205

 The morphology of the phases after 
continuous cooling is very similar to 
that observed in the isothermal aging 
tests (the precipitation occurs at the /  
grain boundaries and especially at the 
triple points), while the formation se-
quence of secondary phases seems to 
be quite different. The total amount of 
secondary phases is lower for the high-
est solubilization temperature, in agree-
ment with Reference 16, and strongly 
depends both on the cooling rates and 

on the solubilization temperature. The 
critical cooling rate for -phase forma-
tion is 0.35ºC/s, when a content of 
0.2% is obtained. When the cooling 
rate decreases the  content gradually 
increases and, at about 0.1–0.15°C/s, 
small -phase particles appear. There-
fore, the  phase forms at lower cool-
ing rates than the  phase and 0.3ºC/s is 
the minimum cooling rate to satisfy the 
generally accepted toughness require-
ments.

CONCLUSION

  In order to study the kinetics of phase 
formation and their effect on fracture 
mechanisms the right technique to de-
tect secondary phases in duplex stain-
less steels is not always the traditional 
one, especially when low contents of 
intermetallic phases are desired.
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Figure 8. An SEM-BSE micrograph of the 
sample treated at 950ºC for 4,800 s.

Figure 7. An SEM-BSE micrograph of the 
sample treated at 900ºC for 2,400 s.
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