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Abstract: The duplex stainless steel 2205 was heat treated at 750 °C, 850 °C, and 900 °C for increasing
durations of up to 10 h. The samples were investigated through light microscopy (LM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD) to characterize the volume fraction and
morphology of the precipitated secondary phases. The samples were then tested via flat-top cylinder
indenter for mechanical characterization (FIMEC) testing to determine the yield stresses that were
found to be significantly affected by the different heat treatments. The yield stress evolution with
heat treatments resulted in being correlated to both the relative volumes of the secondary phases and
the morphology of the o phase. The FIMEC test proved to be capable of detecting the effects of small
amounts of secondary phases on yield stress in DSS 2205 and seems to be a promising technique for
industrial applications.

Keywords: duplex stainless steel 2205; FIMEC indentation test; secondary intermetallic phases;
heat treatments

1. Introduction

Duplex stainless steels (DSS) are the major competitors of austenitic stainless steels in many
chemical and petrochemical industrial applications, thanks to their good mechanical properties and
corrosion resistance [1]. Such characteristics are due to the biphasic structure with approximately
equal amounts of austenite y and ferrite « phases. Some of these applications depend on the capability
to realize welded joints. However, phase transformations occur during welding in the molten zone
(MZ) and in the heat affected zone (HAZ) with detrimental effects on the physical and mechanical
properties of DSS [2], in particular the precipitation of secondary phases (SPs), like o and X, cause a
serious reduction in toughness [3-12]. This generally derives from incorrect process parameters during
either welding or post-welding heat treatments.

o phase precipitation has been reported to be particularly detrimental for DSS [13]. The o phase
is a hard, brittle, intermetallic phase rich in Cr (29-34%), Fe (50-60%), and Mo (3-9%), and poor
in Ni (3-5%) and W (0-7%); it forms from 600 °C to 1000 °C, with the most rapid kinetics around
850 °C [14]. Owing to its high Cr and Mo content, o precipitation depletes the surrounding matrix of
these elements, causing lower corrosion resistance. During isothermal treatments the o phase often
forms and grows at «/7y interfaces through a heterogeneous nucleation process, and the linking of
o particles observed for temperatures below 850 °C assists the nucleation of long cracks, leading to
brittle fractures.
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Different mechanisms of ¢ precipitation have been observed: (1) eutectoid ferrite decomposition,
o — v* + 0; (2) continuous or discontinuous precipitation from ferrite, « — o* + o; formation
from austenite, y — y* + 0, where y* and o* are austenite and ferrite depleted of Cr and Mo.
Crystallographic characteristics of the ot/ interface affect the tendency of o precipitation and recent
results of Haghdadi et al. [15] showed that the interfaces with a rational orientation relationship
(considering all five crystallographic parameters) exhibit the lowest o precipitation propensity, owing
to the high nucleation barrier energy and low diffusion rate.

Usually o and x phases coexist in the DSS microstructure. The x phase is an intermetallic phase
enriched with Mo (9-22%) and Cr (20-28%) that forms at 700-750 °C, even if in smaller amounts than
the o phase [16].

Cr carbides and nitrides also form from the eutectoid decomposition of ferrite nucleating at oc/y
boundaries. The early growth stages are characterized by the bowing of the interface boundary away
from the nuclei, causing the /vy migration into the ferritic grain. Therefore, carbides also appear
inside the y grains rather than at the «/y interfaces and after prolonged high-temperature exposure
they show a lamellar structure [6,17].

In order to determine the proper solution temperatures and cooling rates necessary to achieve
good toughness properties, hard work has been devoted to modelling o precipitation in DSS in
isothermal and unisothermal conditions [18-23].

In the industrial practice bending tests are commonly used to assess the quality of welded joints
to prevent the rupture of components in service. However these tests do not always help reveal an
inadequate structure in the whole welding bead, since the maximum stress is mainly concentrated in
the MZ. The flat-top cylinder indenter for mechanical characterization (FIMEC) test [24-27] provides
the evaluation of the mechanical properties at the local scale. In the case of welded joints made through
conventional methods, like TIG, FIMEC can directly investigate the specific characteristics of MZ,
HAZ, and the base metal [28]. Therefore, the present work was carried out to assess the capability of
the FIMEC test to reveal possible sources of toughness loss in DSS steels after heat treatments.

The experiments were conducted on samples of DSS 2205 where SP precipitation was induced
through heat treatments at 750 °C, 850 °C, and 900 °C for an increasing duration of up to 10 h.
The microstructure evolutions were then studied through light microscopy (LM), X-ray diffraction
(XRD), and transmission electron microscopy (TEM).

2. The FIMEC Test

FIMEC is an instrumented indentation test using a cylindrical punch with a diameter of 1 mm.
Unlike other indentation tests with different punch geometries (pyramid, sphere, cone etc.), the contact
area between the punch and the material surface remains constant as the penetration depth increases.
During punching the applied load (L) and the penetration depth (&) are measured and pressure (p)
vs. penetration depth (h1) curves are then obtained. As shown in Figure 1 for a martensitic steel [27],
after an initial elastic stage (up to pr) three plastic stages are observed. The first one after the elastic
range ends at py, is almost linear and shows an imprint with sharp edges. For p > py the curve slope
strongly decreases (second stage) while the material starts to protrude around the imprint. The third
stage, at higher p, shows a trend with an almost constant slope.
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Figure 1. Flat-top cylinder indenter for mechanical characterization (FIMEC) pressure-penetration
curve of a martensitic steel.

Under a standard penetration rate of 0.1 mm/min the following correlation is used to determine
the yield stress gy:
Y
v ="E, M
Equation (1) has been validated for several metallic materials (steels, copper alloys, superalloys,
aluminum alloys, titanium alloys, metal matrix composites, etc.). The relative difference A between
the yield stress oy from standard tensile tests and gy from FIMEC is given by:

A— (oy —4v)
oy

@

A has been found not to exceed 9%, which is similar to the yield data scattering (~7%) in tensile
tests made on the same material.

FIMEC allows the examination at the local scale, in a non-destructive way, of mechanical
parts of complex geometry, including MZ and HAZ in welded joints [27]. However, unlike micro-
and nano-indentation tests, the imprints are large enough to involve thousands of grains, so that
the FIMEC measurements are representative of the behavior of the bulk material. Furthermore,
the surface conditions of the material (roughness, chemical segregation, etc.) are not so critical for the
results. However, the FIMEC technique has failed in testing materials with thin coatings or surface
layers (e.g., kolsterized stainless steels [29-31], nitrided and nitrocarburized steels [32,33]), where the
penetration depth is larger than the 100 um thicknesses of the surface layers. Failure has also been
reported in testing welding seams made through such high energy sources as laser and electron beam,
where the diameter of the imprint is larger than the MZ widths [34]. The tests can also be carried
out in situ, since a portable FIMEC apparatus has been developed, and can be used to test in-service
mechanical parts (plates, pipes etc.).

3. Material and Experimental Procedure

The examined DSS 2205 was produced by Sandmeyer Steel Co (Philadelphia, PA, USA) with the
following nominal chemical composition: C 0.03, Cr 22.75, Ni 5.04, Mo 3.19, 5i 0.56, Mn 1.46, P 0.025,
$0.002, N 0.16, Fe to balance (wt %). It was supplied in the form of plates, after solution-annealing
and quenching. Samples (5 mm x 10 mm x 25 mm) were cut from the plates for testing. In order to
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induce the precipitation of SPs the steel was heat-treated at 750 °C, 850 °C, and 900 °C for increasing
durations up to 10 h.

The surfaces of the samples were mechanically polished by using SiC paper up to 4000-grit, then
finished with diamond paste and later etched by means of Beraha reagent (200 mL HCI + 1000 mL
H,O + 1 g K35,05). For each sample, 30 micrographs were recorded on different fields at the same
magnification (400 x) and submitted to image analysis through the software LUCIA (Version 4.51,
Za Drahou, CZ, Czech Republic, 1991-2000) to detect the SPs by means of relative area measurements.

LM gives the total amount of SPs, but no information about the characteristics and the amount
of each phase. Thus, X-ray diffraction (XRD) analysis was performed by using a Philips PW
1729 diffractometer with Mo-K« radiation (A = 0.07093 nm) (Philips, Eindhoven, The Netherlands).
The spectra were recorded through 26 step-scanning from 5° to 55°, in steps of 0.05° and a counting
time of 5 s per step. TEM observations through a JEM CX FII by Jeol (Tokyo, Japan) and a H600 by
Hitachi (Tokyo, Japan) were carried out to obtain details on each phase. Twin-jet electro-polishing in a
solution of 90% methanol and 10% perchloric acid (12 V, 100 mA) was used to prepare thin foils.

Vickers hardness tests (Micro-hardness tester, Shimadzu Corporation, Kyoto, Japan) were carried
out on the samples after different heat treatments. In order to assess the specific hardness of the phases
and their possible evolution microhardness Vickers tests were made on ferrite, austenite, and o phases.

4. Results

4.1. Microstructure Characterization

The microstructure of as-supplied 2205 steel exhibits elongated austenitic grains in a ferritic matrix
with a mean grain size of 25 and 65 um for o and y phases, respectively. LM observations did not
show SPs in the solution-annealed material consisting of 51% of austenite and 49% of ferrite.

An example of LM image analysis of the heat-treated material is reported in Figure 2 where
SPs are highlighted in green. For each heat treatment the average volume fraction of the total SPs
(o + x + carbides + nitrides) was calculated through relative area measurements and the results are
shown in Table 1. Data are the average values of 30 measurements; it can be observed that standard
deviations (Sdv) are higher for smaller amounts of SPs. Table 1 also reports the volume fractions and
mean grain sizes of ferrite and austenite.

Figure 2. Duplex Stainless Steel DSS 2205 after heat treatment at 850 °C for 8 h: secondary phases (SPs)
are highlighted in green.
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Table 1. Duplex Stainless Steel DSS 2205: volume fractions of secondary phases (SPs), ferrite, and
austenite after different heat treatments. The mean grain size of ferrite and austenite are reported.

T (°C) 750 850 900
t (h) 1 2 5 8 10 1 2 5 8 10 1 2 5 8 10
« grain size (um) 23 20 10 10 8 15 10 8 5 - 20 17 8 5 4
Y grain size (um) 70 75 82 85 90 75 80 88 93 99 72 76 85 87 92
(%) 450 330 229 205 174 340 260 132 44 0 38.0 300 21.0 120 4.0
Y (%) 539 642 669 669 661 561 600 676 734 744 606 670 678 720 741
SPs (%) 1.1 28 102 126 165 99 140 192 222 256 14 30 112 160 219
Sdv 03 04 09 10 12 09 12 13 16 1.7 02 04 09 12 14

Figure 3 shows the XRD patterns of samples heat treated at 750 °C (a) and 850 °C (b) for 10 h:
in both cases only the o phase reflections are clearly identified, while the peaks of x and other SPs
are not visible, though a broad amount of literature reports the precipitation of these phases at
750 °C. The results suggested that the volume fractions of these SPs could be so low as to produce
non-detectable weak peaks.
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Figure 3. XRD patterns of samples heat treated at 750 °C (a) and 850 °C (b) for 10 h.

Thus, for the purpose of gathering more information about other possible SPs formed after each
treatment, the samples were investigated through TEM. According to the XRD results, the o phase
was observed in all the examined samples, with different morphology depending on the specific
heat treatment (Figure 4). In DSS, the annealing temperature affects the o phase formation in two
ways [35-39]: on the one hand, a higher temperature causes an increase of ferrite grain size, reducing
the potential number of nucleation sites which, in turn, reduces the tendency of o phase formation; on
the other hand, the percentage of ferrite increases with temperature and this promotes the formation
of the o phase during annealing. In the samples treated at 750 °C the o phase forms at ot/ interfaces
through a heterogeneous nucleation process (Figure 4a) and grows in a “coral-like” morphology
(Figure 4b). In treatments at higher temperature (850 °C and 900 °C), and for increasing times of
exposure, the o phase becomes more compact and the particles join together leading to the “oil spot”
morphology (see Figure 4c,d). On the basis of our TEM observations the o phase nucleates at «/y
interfaces. During growth, o phase depletes « ferrite in Cr, and progressively consumes the « phase,
causing the observed /7y interface migration into ferrite. Thus, the prevalent mechanism seems to
be the eutectoid ferrite decomposition, x — y* + o, where y* is an austenite with lower Cr and Mo
contents than in the non-transformed austenite.
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(d)

Figure 4. DSS 2205 steel heat treated (a) one hour and (b) 10 h at 750 °C, and (c,d) 10 h at 850 °C.

The x phase was only detected in the samples heated at 750 °C (Figure 5). This phase is difficult
to be found due to its low concentration, and its morphological and size similarity to the o phase.
It nucleates at oc/y and «/a boundaries and selected area diffraction (SAD) patterns revealed a
“cube-on-cube” crystallographic relationship between x and « phases. After one hour at 750 °C the x
particles have a round shape and size of about 500 nm. Figure 5a shows a x particle nucleated at a ot/ &
boundary; the superimposition of diffraction patterns with pole axes [111] from the x precipitate and
the dark left-side o grain with the “cube-on-cube” crystallographic relationship is reported in the inset.
In fact, consistently with the diffraction pattern, the lattice parameter of the x cubic cell is 0.892 nm,
about three times the ferrite lattice parameter 0.288 nm measured in a similar DSS [39]. As shown
in Figure 5b, for longer soaking times the x precipitates exhibit a more elongated shape and the size
increases over 1 um after 10 h.
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Figure 5. The x phase is observed in DSS 2205 steel HEA-treated for one hour at 750 °C (a); and after
10 h at 750 °C, the amount of x phase has increased (b).

Few small nitrides and M»3C¢ carbides were also observed in all of the examined samples with
sizes in the range 0.15-0.3 pm, indicating that the volume fractions of these SPs were negligible if
compared to the o phase, which was consistent to the XRD results where only o peaks were revealed.

4.2. FIMEC Results

Samples of DSS 2205 in as-received condition and after different heat treatments were tested
through FIMEC and from the load-penetration curves the yield stress gy was determined according to
the procedure described in Section 2. Figure 6 shows the load-penetration curve of the as-received
material, where the load 110 Kg corresponds to the end of the first plastic stage (indicated by the
arrow). With a punch contact area A = 0.785 mm?, py was in 1400 MPa, so according to Equation (1)
the yield stress gy resulted in 467 MPa.
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Figure 6. Load-penetration curve of DSS in as-received condition.



Metals 2017, 7,178 8of 13

In Figure 7 five FIMEC curves are plotted for the treatment temperatures 750 °C (a), 850 °C (b),
and 900 °C (c), corresponding to five different exposure duration (1, 2, 5, 8, and 10 h). For the sake
of clarity, the volume fractions of SPs measured through image analysis of LM micrographs (see
Table 1) are also reported. It can be observed that, besides the experimental curves for 750 °C/8 h
and 750 °C/10 h that partly overlap in Figure 7a, the FIMEC curves progressively move upwards at a
given temperature for an increasing duration, namely, for higher amounts of SPs.
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Figure 7. Load-penetration curves of samples heat treated for different duration at 750 °C (a), 850 °C
(b), and 900 °C (c). The corresponding volume fractions of secondary phases (SP) are reported in
the figures.

In Table 2 the gy values found for all of the heat treatment conditions are reported and compared
to the hardness measurements. For volume fractions of SPs up to ~3% hardness changes are low,
within the experimental error, while significant variations occur for amounts of the order of 10% and
above. Therefore, as pointed out by other investigators [7,16], hardness measurements are not so
sensitive to detect low SP volume fractions whereas, in the case of FIMEC, a SP volume fraction change
of 1% gives rise to detectable gy variations. Micro-hardness tests carried out in the single phases did
not show relevant changes following heat treatments: ferrite (276 HV), austenite (245 HV), and o phase
(800 HV).

Table 2. Comparison of gy from FIMEC and hardness values in samples after different heat treatments.
The corresponding SP volume fractions are reported.

T (°O) 750 850 900
t (h) 1 2 5 8§ 10 1 2 5 8 10 1 2 5 8 10
gy (MPa) 535 567 669 692 725 635 681 764 828 815 492 521 624 696 730
HV 253 262 279 301 320 278 310 329 340 352 256 264 285 310 340

SPs (%) 1.1 282 102 126 165 99 140 192 222 256 14 30 112 160 219
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In addition to SP precipitation, size and volume fractions of austenite and ferrite (that are
influenced by SP precipitation) can also affect the mechanical properties of duplex stainless steels.
However, the gy increases in the first stage of precipitation cannot be ascribed to the volume fraction
and grain size variations of « and y phases, since the volume fraction of SPs varies by ca. 1-3 %,
which causes a negligible ferritic grain refinement. Furthermore, the volume fraction of the harder
matrix phase, i.e., ferrite, slightly decreases (Table 1), so the material should indeed soften without the
precipitation of the very hard SPs (~800 HV).

Thus, the FIMEC technique is sensitive in detecting changes of yield stress induced by the
precipitation of small amounts of secondary phases, as further observed in Figure 8a, where the
curves recorded in tests on the as-received material (without SPs) and on samples with almost the
same volume fractions of SPs (~1%) precipitated at different temperatures are reported. Furthermore,
Figure 8a,b shows that FIMEC is also sensitive to the morphology and distribution of the secondary
phases. In fact, the curves of samples with almost the same precipitated SPs volume fraction,
at increasing temperatures, exhibit differences which could be ascribed to the o phase structure,
that is, “coral-like” after heat treatments at 750 °C and changes to bulky “oil-spot” after heat treatments
at higher temperatures (850 °C and 900 °C).

250 | 350 |
300 L 300 |
250 L 250 |
5 g
< 200 - 200
© []
S S
150 - 150 |
100 | 100
50 L as-supplied No SPs 50 |
——1h/900 :C SPs=1.4:% ——1h/850°C SPs=9.9%
——1h/750°C SPs=1.1% - ——5h/750°C SPs=10.2%
0 M I S S SR R oL— .1
0 100 200 300 0 50 100 150 200 250 300 350
Penetration depth (um) Penetration depth (um)

(@) (b)

Figure 8. Comparison between FIMEC curves recorded on samples with almost the same volume
fractions of precipitated SPs at different temperatures (a,b). Moreover in (a) the curve of the as-received
material is plotted to show how 1% of secondary phases also induces significant variations of the
FIMEC output.

5. Discussion

The evaluation and quantification of SPs in DSS through LM image analysis is difficult and hard
work is reported in literature to find a suitable methodology, including DSS preparation, selective
etching methods, image acquisition through back-scattered electrons in scanning electron microscopy,
and the selection of the quantitative description parameters and surface distributions of stereological
parameters [39-42]. In the present investigation all of the SPs reported in the literature were found
in DSS 2055. Nitrides and My3Cq carbides with nanometer sizes were observed through TEM. Even
if they could not be detected because of the low resolution of LM techniques, their volume fractions
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were so low as to be negligible if compared to the o phases. The x phase was found through TEM only
at 750 °C in low volume fractions, but with morphology and size comparable to the o phase, so the x
phase precipitates were counted in the LM image analysis reported in Table 1. However, for the scope
of the present work it was assumed in the first approximation that the global effect of all SPs (o + ) on
the mechanical properties of DSS 2055 were the same as if caused by the only o phase. This hypothesis
is supported by the thermodynamic calculations of Sathirachinda et al. [35].

In Figure 8 small SPs volume fractions induced a significant change of yield stress compared
to the as-received material for which gy was 470 MPa. In Figure 9 gy values determined from the
curves in Figure 7 are plotted vs. the volume fraction of SPs formed during heat treatments at 750 °C,
850 °C, and 900 °C. It is evident that yield stress increases with the SPs amount. Furthermore, FIMEC
testing can reveal the SP volume fractions on the order of 1%. The result is of great interest because
conventional hardness tests are not considered reliable by several investigators [7,16,43—46] in order
to reveal SP quantities smaller than 3—4%. Although such SP concentrations also have little, or no,
effect on the ultimate tensile strength (UTS) and Young’'s modulus [11], as a matter of fact, they are
considered as a critical limit for industrial applications, because they are sufficient to strongly decrease
the toughness of DSS. For instance, ~1% of o phase causes the impact value to drop by about 50% in
comparison with the original conditions (solution annealed and quenched) [41].

900
°
800 4 ®
°
| |
— 700 4 ||
x Y
=
& ®a
600 -
. 750 °C
500 o ® 850°C
m 900 °C
T T T T T T T T T T
0 5 10 15 20 25

SPs volume fraction (%)

Figure 9. gy values determined from the FIMEC curves in Figure 7 are plotted vs. the volume fraction
of SPs developed through isothermal heat treatments at 750 °C, 850 °C, and 900 °C.

In Figure 9 there are differences between the gy values obtained from samples with almost the
same amount of SPs, but developed through heat treatments at different temperatures: the lower the
temperature, the higher the yield stress. For instance, on the left-hand side of the plot it is observed that
the gy values obtained by samples with SP amounts in the range of 1-3% are ~50 MPa higher for the
treatment at 750 °C than at 900 °C. This proves that FIMEC testing is also sensitive to the morphology
of o phase, since o precipitation at 750 °C is mainly “coral-like” and progressively changes to the bulky
“oil-spot” structure with heat treatments at higher temperatures (850 °C and 900 °C). In fact, with the
interconnected “coral-like” o structure, the yield stress is expected to increase with respect to the bulky
“oil spot” one, where the o phase is surrounded by ferrite and austenite. It is known that DSS exhibits
more brittle behavior after lower temperature precipitation [14] because of the “coral-like” o phase
structure, where slight deformations also give rise to transcrystalline cracks that propagate through
the o phase over long distances with consequent toughness loss. This is not possible if a matrix of
ferrite and austenite surrounds the o phase, like in the bulky “oil spot” structure that is produced
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after higher temperature exposure. Therefore, the FIMEC technique seems very promising to assess,
in a non-destructive way and on a local scale, the characteristics of mechanical components made of
DSS after exposure at different temperatures. Therefore, the technique could also be used to verify
the quality of welded joints and the effects of post-welding heat treatments through tests performed
directly in the MZ and HAZ, where different amounts of o with different morphologies can be found.

An experimental campaign is underway to obtain more datasets from other alloys (duplex and
superduplex steels), to further support the results obtained on 2205 steel and validate the FIMEC
measurements on detecting small SP fractions.

6. Conclusions

The present work was carried out in order to assess the capability of the instrumented indentation
FIMEC test to reveal possible sources of toughness loss in DSS steels represented by SP precipitation
occurring with temperature exposure. The tests were carried out on DSS 2205 steel heat-treated at
750 °C, 850 °C, and 900 °C for increasing durations (1, 2, 5, 8, and 10 h), and the SP precipitation was
studied through LM, XRD, and TEM.

The results can be summarized as follows:

1. FIMEC is capable of detecting changes of yield stress induced by the precipitation of small SP
amounts (~1%);

2. Itis also sensitive to the specific o phase morphology (“coral-like” or bulky structures).

Therefore, the instrumented indentation FIMEC test seems to be a suitable technique for checking
the state of DSS after temperature exposure and the quality of welds on DSS as an alternative to
bending tests commonly used today in industrial practice. A portable FIMEC apparatus can be used
to test in-service mechanical parts (plates, pipes, etc.).
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