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Duplex stainless steels (DSSs) are corrosion-resistant alloys extensively used in aggressive environments.
Cast DSSs may be selected for pipes, valves and pumps in chemical, petrochemical and nuclear industries.
The grade steel ASTM A890 1B is an example of cast DSS with 2.7-3.3%Cu addition. Copper increases the
resistance to many types of corrosion, especially in non-oxidizing environments. When the copper content is
higher than 2%, the steel can be precipitation-hardened. In this work, the precipitation hardening of a DSS
ASTM A890 1B steel with 3.0%Cu was studied and modeled for aging temperatures in the 450-600 �C
range. Copper precipitates in the ferrite phase, but remains in solid solution in the austenite. The age
hardening curves were modeled by DH = K(t)n model, where DH is the increase in hardness, t is the aging
time, and K and n are constants to be determined. The microstructure and substructure were investigated
by scanning electron and transmission electron microscopes.
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1. Introduction

Duplex stainless steels (DSSs) and superduplex stainless
steels (SDSSs) are corrosion-resistant alloys (CRAs) with a
biphasic microstructure of ferrite (d) and austenite (c). This
family of stainless steels combines high strength, toughness,
ductility, and high resistance to different types of corrosions.
For many applications, the best combination of properties is
obtained with equal parts of ferrite and austenite and absence of
other phases (Ref 1, 2). However, some alloys may be
precipitation-hardened to improve mechanical and wear resis-
tance. Two types of precipitation reactions may be used in DSS:
the ferrite decomposition by d fi a¢ + a¢¢ (Ref 3, 4) and the
Cu-rich particles precipitation studied in this work.

DSSs components may be produced by different fabrication
processes, including forging, rolling, welding, casting and
powder metallurgy. Cast DSSs are used in cooling water pipes,
valve bodies, pump casings and elbows of chemical, petro-
chemical and nuclear industries (Ref 5-7). Solution treatment is
frequently performed in DSSs and SDSSs to adjust the ferrite
and austenite contents and improve mechanical and corrosion
resistance properties (Ref 8, 9). In the case of DSSs, the
solution treatment is carried out at 1040 �C minimum (Ref 10),
followed by water cooling.

Some commercial stainless steels may contain copper
addition to improve corrosion resistance in non-oxidizing
environments (Ref 2, 11-14). UNS S32760 is an example of
SDSS grade with 0.5-1.0%Cu addition to improve resistance to
HCl solutions. The wrought grade UNS S32550 contains at
least 1.5%Cu to obtain optimum corrosion resistance in
70%H2SO4 hot solution (Ref 2). Higher copper additions ( ‡
2%), such as found in cast UNS grades J93370 and J93372, can
promote age hardening due to the precipitation of extra fine Cu-
rich particles upon aging in the 300-600 �C range (Ref 2). This
strengthening mechanism is especially interesting for cast
components which cannot be thermomechanically treated to
improve strength and wear resistance. Besides this, aged DSS
with 3.0%Cu addition was more resistant to pitting corrosion
due to Pseudomonas aeruginosa biofilm (Ref 13).

In this work, the age hardening of a cast DSS with 3.0%Cu
was studied. The main objectives were to model the aging
hardening curves and determine the activation energy for
precipitation.

2. Experimental

The DSS used in this work corresponds to cast bars with
10 mm thickness of UNS J93372 (ASTM A890 grade 1B (Ref
10)). The chemical composition of the material presented in
Table 1 was determined by combustion method (C, S and N)
and by inductively coupled plasma spectroscopy optical
emission spectroscopy (ICP OES) (other elements). The pitting
resistance equivalent number (PREN) calculated by PREN =
(%Cr) + 3.3(%Mo) + 16(%N) is also reported in Table 1.
The microstructure was characterized by optical microscope

(OM) and scanning electron microscope (SEM) with energy-
dispersive x-ray spectroscopy (EDS). Specimens for OM were
polished and etched with Behara�s solution (80 mL distilled
water, 20 mL HCl and K2S2O5).

The TEM investigations were performed using a Philips
CM20 transmission electron microscope operating at 200 kV.
The thin foils were prepared by twin-jet electropolishing in a
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chemical solution of 10% perchloric acid and 90% ethanol at
20.5 V and 15 �C.

Specimens of the cast bars were solution-treated at 1100 �C
for 40 min and water-quenched. Then, cylinders with � 8 mm
diameter and 10 mm thickness were cut from the bar. These
cylinders were aged at 450, 475, 500, 550 and 600 �C for
different periods of time.

Vickers hardness with 10 kgf load of each specimen was
measured. Some selected specimens were also tested with
microhardness with load 25 gf. In these specimens, the
microhardness of ferrite and austenite was measured.

3. Results and Discussion

Figure 1(a) presents the microstructure of the solution-
treated specimen, containing 55 ± 5% of ferrite. Specimens
aged at 450, 550 and 600 �C, for 1 h, are shown in Fig. 1(b),

(c) and (d), respectively. The austenite volume fraction (AVF)
was measured by image analysis of 10 fields, and the result are
presented in Table 2. As expected, the AVF slightly increased
with aging treatments, i.e., small amounts of secondary
austenite (c2) precipitated during treatments in the 450-600
�C range.

An important microstructural characteristic of the cast DSS
is the presence of nonmetallic inclusions, with round shape, as
shown in Fig. 2. The EDS composition maps of one of these
inclusions reveals the presence of O, Al, Si, Mn and S (Fig. 3).
These results reveal a complex inclusion with an aluminum-
manganese-silicate ((Al,Mn,Si)xOy) and some (Mn,Mo)S sul-
fides precipitated over it. These types of inclusions are very
stable and do not dissolve in the solution heat treatment.

Other valuable information from SEM/EDS is the partition
of elements between ferrite and austenite. Table 3 shows the
average results from the analysis of three points in ferrite and
three points in austenite. It is observed a general rule:
austenitizing elements, such as Ni, Cu and Mn, are more

Table 1 Chemical composition of DSS ASTM A890 grade 1B (UNS J93372) (wt.%)

C Cr Ni Mn Si Mo Cu N Fe PREN

0.043 25.64 4.51 0.68 0.80 2.01 3.01 0.21 Bal. 35.6

Fig. 1 Microstructures of specimens (a) solution treated; (b) aged at 450 �C/1 h; (c) aged at 550 �C/1 h; and (d) aged at 600 �C/1 h
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concentrated in austenite, and ferritizing elements, such as Cr,
Mo and Si, are more concentrated in ferrite. Nitrogen cannot be
analyzed by EDS, but published data predict the strong
concentration of this element in the austenite, with partition
coefficients (k) varying from 0.1 to 0.2, depending on the alloy
and temperature (Ref 2).

Figure 4 shows hardness data as a function of aging time.
The individual hardening curves may be modeled by Eq 1 (Ref
15, 16):1

DH ¼ K tð Þn; ðEq 1Þ

where DH is the Vickers hardness variation, t is the time in
minutes, and K and n are constants to be determined. This
equation derives from the Johnson–Mehl–Avrami model and is
applicable for the early stages of aging, i.e., does not apply to
overaging (Ref 15, 16). It was used in previous works to
describe the aging kinetics on maraging steels (Ref 15, 17) and
Fe-12Ni-6Mn alloy (Ref 16).

Figure 5(a), (b) and (c) shows the modeled curve and
experimental data for temperatures 450, 475 and 500 �C.
Table 4 shows the values of K and n obtained in each
temperature from the ln(DH) 9 ln(t) fitting. The hardening
curve of specimens aged at 550 and 600 �C could not be

Table 2 Austenite volume fractions measured in
specimens unaged and aged for 1 h

Unaged 450 �C/1 h 500 �C/1 h 550 �C/1 h 600 �C/1 h

45.5 ± 2.0 48.0 ± 1.5 49.0 ± 1.1 46.8 ± 2.5 48.1 ± 1.4

Fig. 2 Backscattered electrons image of specimen aged at 500 �C
for 1 h showing austenite, ferrite and inclusions

Fig. 3 EDS composition maps of inclusion

Table 3 Chemical compositions estimated by EDS in
ferrite and austenite phases

Phase %Cr %Fe %Ni %Mo %Cu %Si %Mn

d (ferrite) 23.9 61.9 7.3 1.7 3.4 0.9 0.8
c (austenite) 28.3 60.6 4.6 2.7 2.4 1.1 0.7

Fig. 4 Hardness 9 aging time for 450, 475, 500, 550 and 600 �C
treatments
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modeled because the peak of hardness occurred with 10 and
5 min of aging, respectively.

Figure 6 shows the microhardness evolution of individual
phases with aging time at 450 �C. As observed, only ferrite
undergoes hardening.

TEM investigation of the specimen aged at 450 �C for 1 h
reveals fine (< 10 nm) and intense precipitation in the ferrite
(Fig. 7a). Coherency contrast can be observed around the
precipitates. At this temperature, the ferrite phase of DSSs may
also undergo the d fi a¢ + a¢¢ reaction (Ref 3, 4), but the
typical modulated aspect of the decomposed ferrite (Ref 18)
was not observed by TEM, probably due to the short aging time
(1 h). In opposite, the bright-field image from austenite did not
reveal the presence of such fines precipitates, but only stacking
faults and planar arrays of dislocations (Fig. 7b). The solubility
of copper in austenite is about 4% (Ref 19, 20). Although the
copper content in austenite is higher than in ferrite, 3.4%
according to Table 3, copper is entirely dissolved in the FCC
phase. On the other hand, the copper solubility limit in the BCC
ferrite phase is about 0.2%, which is much lower than the
content measured by EDS (Table 3). This can explain an
intense precipitation of copper-rich particles in the ferrite as
shown in Fig. 7(a). The literature indicates that the precipitation
of Cu-rich particles in ferrite during aging between 450 and 600
�C is a multi-step process (Ref 21-24). A recent simulation
performed by Zhou et al. (Ref 23) revealed that the precipi-
tation sequence is: (1) Cu BCC, (2) Cu 9R and (3) Cu FCC.
Moreover, this sequence was in good agreement with their
experimental results. Following Han et al. (Ref 24), the lattice
parameter of Cu BCC (0.295 nm) is slightly greater than the
ferrite lattice parameter (0.286 nm) in a low-carbon steel. The
degree of mismatch between Cu BCC and matrix is less than
5%, implying coherent relationship.

Electron diffraction permits to identify the coherent precip-
itates observed in Fig. 7(a) as Cu-rich BCC precipitates.
Figure 7(c) shows the electron diffraction pattern of the region
corresponding to Fig. 7(a). It can be indexed as the superpo-
sition of two electron diffraction patterns: diffraction pattern
(M) of the ferrite matrix with [� 103] zone axis and diffraction
pattern (P) of Cu-rich BCC precipitates with [100] zone axis.
The precipitation of fine coherent Cu-rich BCC particles
explains the hardness increase in ferrite shown in Fig. 6.

Fig. 5 Age hardening curves: (a) 450 �C; (b) 475 �C; (c) 500 �C

Table 4 Parameters n and K obtained in temperatures
450, 475 and 500 �C

Temperature, �C n K R2

450 0.27 18.7 0.924
475 0.21 22.6 0.924
500 0.29 18.4 0.997

Fig. 6 Microhardness evolution in ferrite and austenite
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Table 5 presents the peak of hardness and the corresponding
aging time for each temperature. The peak was not achieved in
the aging at 450 �C till 90 min.

The activation energy for copper-rich phase precipitation
may be obtained from the Arrhenius Eq 2:

ln tð Þ ¼ Q= RTð Þ þ constant, ðEq 2Þ

where Q is the activation energy for the precipitation (kJ/mol); t
the time taken to attain peak hardness at each temperature (h); R
the universal gas constant (0.008314 kJ/mol K); and T the
aging temperature (K). From the plot of logarithm of the time to
the peak hardness against 1/T (Fig. 8), the activation energy
was estimated as 108.7 kJ/mol. The activation energy must be
strongly influenced by the chemical composition of the steel,
which affects the copper diffusivity in the ferrite phase. As far
as we investigated, there are no other published values of
activation energy for copper-rich phase precipitation in DSSs.
The activation energy encountered (108.7 kJ/mol) is of the
same order of precipitation hardening of Ti- and Mo-alloyed
maraging steels (Ref 17).

4. Conclusions

The microstructure, substructure and age hardening curves
of a cast ASTM A890 grade 1B steel were studied. The main
conclusions are:

The material contains stable round complex inclusions of
aluminum-manganese-silicate ((Al, Mn, Si)xOy), with (Mn,
Mo)S sulfides precipitated over them.

The precipitation hardening of a cast DSS ASTM A890
grade 1B can be modeled by DH = K(t)n equation.

Fig. 7 (a) TEM bright-field image of ferrite with Cu-rich
precipitates; (b) TEM bright-field image of austenite showing
dislocations and stacking faults; (c) electron diffraction pattern of the
region corresponding to (a)

Table 5 Peaks of hardness and respective aging time

475 500 550 600

Hardness peak 296 ± 12 280 ± 11 281 ± 12 279 ± 7
Aging time 75 20 10 5

Fig. 8 Plot of ln(t) vs. 1/T to determine the activation energy for
precipitation
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Copper concentration in austenite is higher than in ferrite.
However, the precipitation of copper-rich phase occurs
exclusively in the ferrite phase because the copper solubil-
ity is much lower in ferrite than in austenite.

Electron diffraction confirms the precipitation of Cu-rich
BCC phase. The fine (< 10 nm) precipitates are coherent
with the matrix and induces a hardening of the ferrite
phase.

The activation energy for Cu-rich BCC precipitation in the
DSS steel studied was 108.7 kJ/mol.
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