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ABSTRACT

The aim of this article was to investigate the impact of ageing heat treatment of 2101 lean duplex steel on changes in
the microstructure and mechanical properties, mainly impact toughness. Steel was subjected to ageing treatments in
the temperature range of 500900 °C with exposure times of 1, 10, and 100 hours. Light microscope examinations,
hardness measurements and impact toughness tests were performed. The obtained results confirm that high-temper-
ature service of duplex stainless steels should be avoided. Precipitation of secondary phases (mainly ’, o, y, phases)
strongly deteriorates mechanical properties of steels but some amounts of these phases may be acceptable in the
microstructure depending upon the application of the steel. The test results obtained for 2101 lean duplex steel were
compared with the results obtained earlier for higher alloy 2205 and 2507 duplex steel grades. The research showed
that the loss of plasticity after ageing at 500 °C affects the 2101 lean duplex steel the most, while ageing at higher

temperatures, above 700 °C, limits the plasticity of 2205 and 2507 steel grades to a much greater extent.
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INTRODUCTION

Stainless steels are an important group of struc-
tural materials widely used across numerous indus-
trial sectors, including chemical, food and bever-
age, energy and power generation, petrochemical,
pulp and paper, medical, automotive, aerospace,
and marine industries [1-3]. They comprise four
principal groups: ferritic, martensitic, austenitic,
and duplex stainless steels [4—7]. Among them,
steels with a ferritic and austenitic structure, char-
acterized by an almost equal volume fraction of
both phases, hold a particularly prominent position
[8-10]. Duplex steel products are delivered after
solution annealing heat treatment [11]. The solu-
tion temperature should ensure the desired ratio of
the amount of ferrite and austenite phases in the
microstructure, as well as the appropriate chemical
composition of these phases, which is important
from the point of view of corrosion resistance [12].

Solution annealing should be performed at a tem-
perature high enough to dissolve all precipitates of
intermetallic phases. The recommended heat treat-
ment temperature is in the range of 1040-1100 °C
(depending on the steel grade). Quenching from
these temperatures gives an optimal microstructure
and avoids precipitation processes during cooling.

Secondary thermal cycles may lead to desta-
bilization of primary phases, as a result of which
new and often undesirable components may be
formed in the structure, such as secondary solu-
tions (secondary austenite), carbides, carboni-
trides and other intermetallic phases [13—15]. In
the temperature range of 650-950 °C, there is a
risk of precipitation of carbides and intermetal-
lic phases (mainly the o phase), which make the
steel brittle and reduce its corrosion resistance.
The presence of 1-2% of the ¢ phase in the struc-
ture can reduce the impact toughness of steel by
half, while if the share of this phase exceeds 5%,
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there is a sharp decrease in corrosion resistance
and practically loss of plasticity [16].

In the temperature range of 300-550 °C the
phenomenon of so-called “475 °C embrittlement”
occurs [17]. It is spinodal decomposition in the
ferritic phase leading to change in the microstruc-
ture and release of the chromium-rich o’ phase,
which also results in a significant reduction in
the ductility of steel. A schematic time-temper-
ature-precipitation (TTP) chart indicating the
temperature ranges for the release of secondary
phases in duplex steels is shown in Figure 1. This
graph shows the influence of various alloying
elements on the beginning of the transformation
and it’s temperature range [18]. Higher contents
of Cr, Mo, W, Si in the chemical composition of
steel increase the range of stability of intermetal-
lic phases and shift the nose of the TTP curves
towards shorter initiation times of precipitation
processes. This mechanism clearly indicates that
steels with a higher content of alloying elements
such as super duplex or hyper duplex will show
a greater tendency to precipitation processes at
elevated temperatures. Transformations resulting
in the appearance of intermetallic phases mainly
concern ferrite due to the fact that the rate of dif-
fusion of alloying elements in this phase is about
two orders of magnitude higher than in austenite.
Ferrite is enriched in Cr and Mo, i.e. elements that
constitute the basis of intermetallic phases [19].
The low temperature at the beginning of precipi-
tation processes excludes the use of duplex steel
for operation at temperatures above 280 °C [20].

An isothermal precipitation diagram for 2304,
2205, and 2507 duplex stainless steels is shown

in Figure 2. The start of chromium carbide and
nitride precipitation begins at the relatively slow
time of 1-2 minutes at temperature. This is slow-
er than in the ferritic grades or the highly alloyed
austenitic grades, and is due, to the high solubility
of carbon and nitrogen in the low nickel austenite
phase and possibly to a retardation effect of nitro-
gen on the carbide precipitation. The carbide and
nitride formation kinetics are slightly affected by
chromium, molybdenum, and nickel, so all the ni-
trogen-alloyed duplex stainless steel grades have
kinetics similar to 2205 steel in regard to these
precipitates. Sigma and chi phases precipitation
occurs at higher temperatures [22]. Super duplex
grades that are more highly alloyed in chromium,
molybdenum, and nickel will have more rapid
sigma and chi kinetics than 2205 (Figure 2) [23].

Figure 3 shows the TTT diagram with plot-
ted curves indicating the beginning of structural
transformations in the form of precipitation of
secondary phases. More practical to use are
TTT charts with marked curves representing a
decrease of toughness by 50% measured by im-
pact toughness testing on Charpy V specimens.
An example of such a chart is shown in Figure 3.
The embrittlement threshold criterion can also be
used, which in most standards is set at 27 or 40 J.

Although numerous research studies de-
scribing precipitation phenomena in duplex
stainless steels have been already presented
[25-30] there is still no clear evidence regard-
ing the maximum operating temperature of the
steel, nor the temperature-time-microstructure
relationships that determine its mechanical
properties and corrosion resistance.
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Figure 1. Schematic TTP diagram for secondary phases in duplex stainless steels [21]
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Figure 2. Isothermal precipitation diagram for duplex stainless steels, annealed at 1050 °C [23]
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Figure 3. Temperature-time-transformation (TTT) diagram for duplex stainless steels [24]

An attempt to present such relationships for
standard 2205 duplex and 2507 super duplex
steels was presented in publication [31]. Cur-
rently, a group of lean duplex steels (LDX) with

a depleted chemical composition has appeared on
the market [20, 32—-34]. Compared to the classic
2205 duplex, LDX steels do not contain a high
molybdenum content, have less nickel and more
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nitrogen in in chemical composition [35]. Due to
its low molybdenum and high nitrogen content,
UNS S32101 stainless steel is less susceptible to
the formation of deleterious sigma (o) and chi
(%) phases during heat treatment within the criti-
cal temperature range of 700-900 °C, compared
to other duplex stainless steels (2205 or 2507).
These phases develop only after prolonged age-
ing, whereas less harmful phases, such as nitrides
(Cr2N) and carbides, are more commonly ob-
served. The balanced nitrogen content also pro-
motes a higher austenite reformation rate [36].
LDX steels have been developed to provide high-
er strength alternative to 304L and 316L auste-
nitic steels, similar corrosion resistance to 316L
steel at lower cost.

Although the phenomenon of changes in the
service properties of lean duplex stainless steels
due to thermal cycling is well known, it has been
addressed in only a few publications, which ana-
lyzed the effects of different thermal conditions
on microstructural evolution, precipitation pro-
cesses, and their influence on the mechanical,
plastic, and corrosion-resistant properties, and
susceptibility to hydrogen embrittlement of the
alloy [37-44]. This further underscores the need
for research in this area.

The aim of the study was to demonstrate
changes in the microstructure and mechanical
properties of LDX steel as a result of the impact
of secondary thermal cycles and to compare the
intensity of these changes to the standard duplex

MATERIALS AND METHODS

Tests were conducted on LDX 2101 (S32101)
steel. The specimens were obtained from plate 12
mm in thickness delivered after solution annealing
treatment at 1050 °C. The nominal chemical com-
position and control analysis results of LDX 2101
steel are presented in Table 1. Additionally, this
table shows the chemical compositions of duplex
steel types 2205 and 2507, which have been previ-
ously studied, and the results of these studies are
compared in this article. No deviations in the chem-
ical composition of these steels in relation to the re-
quirements of the standards were found. It is worth
paying attention to the difference in the PREN pa-
rameter of the tested steels, which indicates a large
difference in resistance to pitting corrosion.

Sections were cut from the LDX 2101 steel
plate for the preparation of impact specimens and
for metallographic examination. The sections
were subjected to heat treatment. Ageing treat-
ments were performed by isothermal holding in
the vacuum furnace at temperatures from 500
to 900 °C in the time 60, 600 and 6000 minutes
before water quenching. Time intervals were as-
sumed within the limits of the greatest intensity
of microstructural changes in lean duplex steel.
The list of samples and their designations are
shown in Table 2.

Table 2. Heat treatment conditions of samples and
their designations

steel group type 2205 and the super duplex steel Time
group. The results of the studies of 2205 duplex Temp. 60 i, 600 min. 6000 min
and 2507 super duplex steels were taken from pre- 500°C = = ”
vious studies described in [45]. The comparison 500G o2 Py v
of impact energy and phase stability of samples : : :
annealed at different times and temperatures aims 7o0°c 72 73 74
to determine the maximum working temperature 800°c 82 83 84
of this group of steels. 900°C 92 93 94
Table 1. Chemical composition of tested duplex stainless steels
Duplex Chemical composition, wt. % PREN
steel C Mn Cr Ni Mo N %
2101 Nominal 0.03 45 21.0 15 03 0.22 26
S32101 Tested 0.030 5.43 21.6 1.55 0.36 0.21
2205 Nominal 0.03 1.0 22.0 5.0 3.0 0.13 34
S31803 Tested 0.017 1.50 21.9 5.7 3.0 0.17
2507 Nominal 0.03 0.8 25.0 7.0 36 0.27 >41
S32550 Tested 0.030 0.87 25.1 5.8 35 0.29

Note: PREN =%Cr + 3.3(%Mo + 0.5x%W) + 16x%N.
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Metallographic examinations were conducted
using a light microscope on samples etched with
with Beraha’s reagent: 200 ml HCI, 1000 ml H,O
+ 1 g K.S,0,. The reagent etches the duplex steel
structure, revealing ferrite as a dark (brown) phase
and austenite as a light phase. The impact of heat
treatment was assessed by visualizing microstruc-
tural changes, while quantitative assessment was
performed using magnetic measurements of ferrite
content in the microstructure. Detailed quantitative
studies of the share of secondary phases (¢, o, ,)
precipitated as a result of thermal cycles have not
been presented because it is beyond the scope of
this study. Magnetic measurements to determine
the volume fraction of the ferrite phase were car-
ried out using a Fischer FMP30 feritscope. For fer-
rite content measurement, the accuracy is within

a) base material

+ 5% of the standard’s measurement when tested.
Hardness measurements were performed using the
Vickers method with a load of 98.1 N (HV10).
Charpy V impact tests were performed according
to the PN-EN ISO 148-1:2017-02 standard at room
temperature (20 °C). The full-size (10 x 10 mm)
specimens were taken in the longitudinal direction
of the plate. Three samples were tested for each
heat treatment condition.

RESULTS

Microstructure

The revealed microstructures of LDX 2101
steel are shown in Figure 4. This figure shows
the microstructures of samples annealed for the

b) sample 5.4

c) sample 6.4

e) sample 8.4

vz Sl S L,

Figure 4. Microstructure of LDX 2101 steel samples after ageing at 500-900 °C for 6000 minutes

d) sample 7.4
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longest time (6000 min), where the most ad-
vanced changes occurred.

In the received condition, the microstructure
of LDX 2101 steel had a two-phase microstruc-
ture with characteristic elongated austenite and
ferrite fields aligned in the direction of deforma-
tion during rolling. The microstructure of this
steel is characterized by significantly finer grain
size compared to the microstructure of 2205 and
2507 duplex steels. For this reason, the magnifi-
cation of the images in Figure 4 is approximately
1000x. Grain boundaries of these phases are not
visible within the ferrite and austenite fields. The
annealing process at temperatures of 500 and
600 °C, even after 100 hours, did not cause visible
changes in the steel microstructure. Under light
microscopy observation, no intermetallic phase
precipitation was observed, although the forma-
tion of the o’ phase was expected. Significant
changes in the microstructure were observed after
annealing at 700 °C. The ferrite phase content de-
creased significantly. A new phase appeared, vis-
ible as bright areas adjacent to the ferrite fields
(Figure 4d). The phase composition of these areas
can be described as a mixture of secondary aus-
tenite y, and intermetallic phases, mainly o phase.
A detailed analysis of the morphology of these
areas is beyond the scope of this study.

The formation of secondary austenite y, can
occur in two ways: as a result of a diffusion reac-
tion and as a result of a eutectoid transformation.
These are independent precipitation processes oc-
curring in parallel, and both are related to trans-
formations in the ferritic phase. The s phase first
forms at the ferrite grain boundary or the d/y in-
terface. After longer annealing times, the s phase
formed as a result of a eutectoid reaction.

0—0+y,

At temperatures of 850-950 °C, direct trans-
formation of ferrite to the o phase is possible
without the formation of secondary austenite.
In this case, the chemical composition of the
o phase is similar to that of ferrite, but such a
mechanism for ¢ phase formation was not ob-
served in these studies.

It is known that the phases present in duplex
stainless steel microstructures have different
magnetic properties. The ferrite phase is ferro-
magnetic, while austenite and chromium nitride
are paramagnetic, sigma and o’ are nonmagnetic
phases [46, 47]. Therefore, a quantitative assess-
ment of the dynamics of phase transformations in
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the tested LDX 2101 steel was performed by ex-
amining the ferrite content in the microstructure.
Figure 5 presents changes in the ferrite phase
content in the steel microstructure depending on
the ageing temperature and time. A clearly vis-
ible reduction in the ferrite content in the steel mi-
crostructure is observed during ageing at 700 °C.
This confirms earlier observations from metallo-
graphic studies.

Mechanical properties

The as-delivered hardness of the steel after
solution heat treatment was approximately 230
HV. The changes in the steel's hardness after
ageing are shown in Figures 6 and 7. The plots
show the average hardness values from at least
three measurements. No significant differences in
hardness were observed compared to the hardness
of the base material. Ageing at 500 °C increased
the steel's hardness the most, to 285 HV. This is
likely due to the precipitation of the o' phase in
the steel's microstructure. Ageing at 600, 800, and
900 °C at different times had virtually no effect on
the hardness of the steel. During ageing at 700 °C,
an increase in hardness was observed after 6000
minutes of treatment, to 264 HV10.
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Figure 5. Ferrite content in the microstructure
of LDX 2101 steel after ageing at 500-900 °C for 60,
600, 6000 min
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Figure 6. The influence of ageing temperature at 60, 600, and 6000 min on the hardness changes
of LDX 2101 steel
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Figure 7. The influence of ageing time in the temperature range of 500-900 °C on the hardness changes
of LDX 2101 steel

In the as-delivered condition (after solution
heat treatment), the impact toughness of the steel
was above 300 J. The impact test results of the
aged samples (average values) are presented in
the graphs in Figures 8 and 9.

Samples aged at 500 and 600 °C exhibited a
nearly monotonic loss of impact toughness with
annealing time. The greatest decrease in impact
toughness was observed for samples aged at
700 °C, where after annealing for 100 hours, the
impact energy decreased tenfold (to 27 J). Age-
ing at 700 °C also caused a significant decrease in
impact energy, but only after longer ageing times,
exceeding 10 hours, while ageing at 900 °C only
slightly reduced impact energy.

The fracture behavior of the impact samples
was assessed using macroscopic metallographic
examination. Figure 10 shows the fracture be-
havior of the untreated material, and Figure 11

compares the fracture behavior of samples aged
for 60 minutes and 6000 minutes in the tempera-
ture range of 500-900 °C. The fracture images al-
low for a qualitative assessment of the plasticity
of the tested samples [48, 49]. As delivered, the
fracture area of the samples exhibited a typical
ductile behavior with significant plastic deforma-
tion of the edges. Similar fracture behavior was
observed in samples aged for 60 minutes at tem-
peratures of 600, 700, 800, and 900 °C. Only the
fracture behavior of the sample aged at 500 °C
exhibited brittle characteristics. Prolonged age-
ing of LDX 2101 duplex steel for 6000 minutes
resulted in a change in the fracture behavior of
the samples from ductile to brittle with a low de-
gree of plastic deformation. The exception were
samples aged at 900 °C where the ductile nature
of the fractures was retained for all heat treat-
ment times.
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Figure 8. Effect of ageing temperature at 60, 600, and 6000 min on impact energy changes of LDX 2101 steel
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Figure 9. Influence of ageing time in the temperature range of 500-900 °C on the impact energy changes
of LDX 2101 steel

Figure 10. Fracture area of the impact test sample made of the base material

DISCUSSION
The changes in the impact toughness of

LDX 2101 steel samples after ageing were de-
pendent on microstructural transformations.
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Microstructural transformations associated with
the precipitation of the o’ phase were responsible
for the reduction in impact energy after ageing
at temperatures of 500 and 600 °C. The presence
of this phase was not detected in metallographic
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(52) 500°C/60 min.

(62) 600°C/60 min.

(72) 700°C/60 min.

Figure 11. Fracture areas of impact samples after ageing at temperatures of 500-900 °C for 60 and 600 min

(53) 500°C/6000 min.

(93) 900°C/6000 min.
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studies due to the fine nature of its precipitates.
The presence of secondary phases ¢ and y, was
responsible for the decrease in impact tough-
ness of the steel after ageing at 700 and 800 °C
[16, 50]. The volume fraction of these phases
in the microstructure determined the dynam-
ics of the impact toughness decrease. Ageing at
700 °C led to the highest fraction of secondary ¢
and y, phases, which directly contributed to the
reduction in the steel’s impact toughness due to
embrittlement of the ferritic matrix. In contrast,
ageing the samples at 900 °C for up to 6000
minutes did not result in precipitation or notice-
able microstructural changes, and consequently,
the impact toughness remained high, indicating
the thermal stability of the steel under service
conditions at elevated temperatures. The pre-
sented changes in impact toughness correlate
well with the temperature-time-transformation
diagram for LDX 2101 duplex stainless steel
(Figure 3).

In industrial practice, it is extremely impor-
tant to determine the maximum operating tem-
perature of duplex steel in continuous operation
and the safe conditions for short-term heating of
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steel in various technological processes, e.g. dur-
ing welding or hot straightening [S1].

Previously conducted tests [45] for 2205 and
2507 duplex steels showed their tendency to brit-
tleness, especially after exposure to temperatures
above 700 °C. The changes in ferrite content after
various ageing treatment conditions for 2205 and
2507 duplex steels are shown in Figures 12a and
12b. The decrease in ferrite fraction is most em-
phasized at 800 °C where almost all ferrite con-
tent can be transformed into other phases, mainly
o and y,. Comparison of tendency to decomposi-
tion of ferrite structure for both tested steels show
similar behavior for short exposure times (6 min).
Longer exposure times results in instability of
ferrite and greater reduction of this phase in 2507
super duplex steel microstructure. The amount
of ferrite is higher after ageing at 900 °C than at
800 °C due to direct transformation ferrite into
o phase at higher temperatures. A comparison of
the graphs in Figure 12 and Figure 5 reveals sig-
nificantly less advanced ferrite transformation in
the microstructure of LDX 2101 steel after ageing
at temperatures above 700 °C. This obviously af-
fects the steel's plasticity.

b)

60,0

50,0

40,0

X
=
9o
o
@ 300
2 N
: \
[T
20,0
— =B min.
el e 60 !
10,0 + =—=—8600 \ A

0,0 T 1
500 600 700 800 900

Ageing temperature, °C

Figure 12. Changes of ferrite fraction as a function of ageing conditions for (a) 2205 duplex steel and
(b) 2507 duplex steel [45]
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Figure 13 compares the impact energy for
2101, 2205, and 2507 duplex steels after ageing
in the temperature range of 500900 °C. Analy-
sis of the graphs in Figure 13 indicates that the

upper temperature limit for duplex stainless steel
service is controlled by o’ formation. It is worth
emphasizing that the loss of ductility after age-
ing at 500 °C most affects LDX 2101 steel, while

duplex LDX 2101 steel

Impact energy, J

500
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700
Ageing
temperature, °C
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Figure 13. The influence of ageing time and temperature on impact energy of (a) 2101, (b) 2205 [45]
and (c) 2507 [45] duplex stainless steels
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ageing at higher temperatures — above 700 °C —
limits the ductility of 2205 and 2507 steels to a
much greater extent.

CONCLUSIONS

This work concerns the influence of ageing
heat treatment in the range of 500-900 °C on the
microstructure and mechanical properties of 2101
lean duplex stainless steel, with particular empha-
sis on impact toughness, and includes a comparison
with 2205 and 2507 duplex steel grades. Based on
the results of microstructural observations, hard-
ness measurements, and impact toughness tests,
the following conclusions were drawn:

1. Isothermal heat treatment of 2101 LDX steel
in the temperature range of 500-800 °C caused
destabilization of the ferritic phase and precip-
itation of the intermetallic phases o’ at lower
temperatures and o and y, phases at higher
temperatures >700 °C. Ageing at 900 °C did
not cause significant changes in the steel’s
microstructure.

2. The lowest stability of the ferritic phase in 2101
steel was observed during ageing at 700 °C.

3. Ageing at 500 °C increased the hardness of
2101 duplex steel the most, while ageing at
temperatures of 600, 800, and 900 °C at differ-
ent times had no significant effect on hardness
changes. A hardness increase was observed af-
ter long-term annealing at 700 °C.

4. Secondary thermal cycles caused a reduction in
the impact toughness of duplex 2101 steel. The
greatest reduction in impact toughness was ob-
served for samples aged at 700 °C, while age-
ing at 900 °C had no significant effect on the
steel’s ductility.

5. Comparing the ferritic phase content in the
microstructure of the three duplex steels after
ageing reveals a much higher stability of this
phase in 2101 steel compared to 2205 and 2507
steels.

6. The three duplex steels tested showed vary-
ing degrees of embrittlement after ageing. At
low ageing temperatures (500 °C), the smallest
reduction in impact toughness was observed
in 2205 steel, while the largest reduction was
observed in 2101 steel. At higher ageing tem-
peratures above 700 °C, the impact toughness
reduction in 2101 steel was the smallest.

7. Further research should focus on the quan-
titative analysis of microstructure evolution
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in duplex steel after exposure to secondary
thermal cycles, in order to provide a more
comprehensive understanding of the relation-
ships between thermal history, microstructural
changes, and the resulting mechanical and cor-
rosion-resistant properties of lean duplex stain-
less steels.
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