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The consequences of aging at 400 and 475 °C on the mechanical properties, corrosion resistance, and
magnetic properties of the ferritic stainless steel (SS) AISI 444 were investigated. Age hardening was
measured as a function of aging time at both temperatures and was found to be more intense at 475 °C.
The localized corrosion susceptibility increased, while the impact toughness decreased with aging time.
These two effects were also more important at 475 °C. Unlike duplex SSs, AISI 444 did not present any
variation in coercive force or Curie temperature with aging time. The effects on the Mössbauer spectra
were also determined and analyzed.
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1. Introduction

Ferritic stainless steels (SSs) are used in many manufactur-
ing processes, mainly in the petrochemical industries. The main
advantage of ferritic steels over the austenitic grades (e.g., 304
SS or 316 SS) is superior stress corrosion resistance. However,
ferritic SSs are susceptible to some embrittlement phenomena
such as grain growth, �-phase formation (Ref 1, 2), and ��-
precipitation (Ref 2, 3).

The precipitation of �� occurs at between 350 and 550 °C in
ferritic and duplex SSs (Ref 2-4). According to Grobner (Ref
3), �� formation in ferritic SSs with <17% Cr occurs by nucle-
ation and growth, while above this level it occurs by spinodal
decomposition, as in, for example, duplex SSs.

The susceptibility of the ferritic steels to the �� precipita-
tion increases with Cr, Mo, and Si contents. The main re-
ported effects of �� in ferritic and duplex steels are decreases
of toughness, increases of hardness, and corrosion-resis-
tance decay. A change in the magnetic properties is also ob-
served (Ref 5-9), and, therefore, can be used to detect the
embrittlement stage in ferritic and duplex steels (Ref 7-9). Fer-
ritic SSs are also susceptible to sensitization due to the pre-
cipitation of carbides while in the 425 to 700 °C temperature
range (Ref 10).

In the present work, the effects of low-temperature aging of
AISI 444 SS were investigated. This study is motivated by the
possible substitution of AISI 316L SS by AISI 444 SS in the
distillation towers of petroleum-refining plants. AISI 444 SS is
cheaper than the 316 grade and exhibits similar corrosion re-
sistance due to Mo additions.

2. Experimental

The chemical composition of AISI 444 is shown in Table 1.
The mean hardness of the as-received steel was 187 ± 1 HV.
The samples were heat-treated at 400 and 475 °C for times
between 10 and 1000 h. These temperatures were selected be-
cause 400 °C is the maximum operational temperature in the
distillation tower, while 475 °C is reported to be the tempera-
ture at which the kinetics of �� precipitation reach a maximum
(Ref 3). Regeneration treatments at 570 and 675 °C were used
on samples that were aged at 475 °C for 1000 h. Vickers
hardness measurements used a load of 30 kg in all conditions.

AISI 444 steel is very notch-sensitive. Using Charpy
V-notch reduced size samples (2.5 mm), a very small energy
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Table 1 Chemical composition of AISI 444 (in weight
percent)

C Cr Ni Mo Ti Si N Fe

0.015 17.56 0.20 1.86 0.13 0.54 0.0123 Balance

Fig. 1 Hardness against aging time at 400 and 475 °C
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value for fracture (3 J) was measured in the as-received con-
dition. On the other hand, using an unnotched sample, the
fracture energy increased to 120 J. For this reason, unnotched

specimens were used to evaluate the effects of aging on tough-
ness. Two samples at each aging condition were machined to
55 × 10 × 2.5 mm, and then were tested using a universal
impact test machine with a maximum capacity of 300 J and a
precision of ± 1 J.

The corrosion resistance was evaluated using double-loop
electrochemical potentiodynamic reactivation (DL-EPR) tests.
This is a practical and simple test, which was developed to
detect and quantify sensitization in austenitic SSs (Ref 10).
Some authors have used this test to study the corrosion resis-
tance of duplex SSs aged at high (Ref 11) and low (Ref 12)
temperatures. In this work, the DL-EPR tests were conducted
using a conventional three-electrode cell with Pt foil as the
auxiliary electrode and a saturated calomel electrode (SCE) as
the reference electrode. The working electrode was constructed
using AISI 444 steel samples embedded in epoxy resin. The
experiments were initiated after a nearly steady-state open-
circuit potential (Eoc) had been achieved (after ∼30 min), fol-
lowed by the potential sweep in the anodic direction at 1 mV/s
until a potential of 0.3 V (versus SCE) was reached. Then, the
scan was reversed in the cathodic direction until the Eoc was
reached. Prior to each experiment, the working electrodes were
polished on 400-grit abrasive emery paper. The samples were
then degreased with alcohol and cleaned in distilled water. The
working solution was 0.5 M H2SO4 + 0.01 M KSCN (potas-
sium thiocyanate). The localized corrosion susceptibility was
evaluated from the ratio of Ir to Ia, where Ia is the peak current
of the anodic scan and Ir is the peak current in the reverse
direction (Ref 10). For the best results, the test temperature was
60 °C.

Metallographic samples were etched with a hot 10% HNO3

+ 0.05% HF solution and were observed under an optical mi-
croscope.

Magnetic measurements were carried out in a vibrating
sample magnetometer with a maximum applied field of 5.0
kOe. Curie temperatures (Tc) were measured using a thermo-
magnetic balance. Mössbauer spectroscopy measurements
made in the transmission mode were made on 0.06 to 0.08 mm
thick specimens using a 57Co source on Rh. Machine-specific
software was used to fit the measured spectra.

Fig. 2 The DL-EPR curves obtained in the (a) as-received sample
and (b) in the sample aged at 400 °C for 500 h

Fig. 3 Th ratio of Ir to Ia against aging time at 400 and 475 °C

Fig. 4 Absorbed energy to fracture against aging time at 400 and
475 °C
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3. Results

3.1 Mechanical Properties and
Corrosion-Resistance Degradation

Figure 1 shows the influence of aging time on hardness for
AISI 444 SS. The maximum men values were 259.0 ± 3.7 HV
and 273.5 ± 6.2 HV at 400 and 475 °C, respectively. The
curves are similar in shape, but, as expected, aging at 475 °C
yields higher hardness values than at 400 °C. Overaging was
not observed. These results are in close agreement with those
presented in the literature for Fe-Cr (Ref 3) and Fe-Cr-Ni (Ref
8, 9) alloys, which also showed that the aging yielded more
intense changes at 475 °C.

Figure 2 shows the DL-EPR curves obtained for the as-
received sample (Fig. 2a) and for one aged at 400 °C for 500
h (Fig. 2b). Both tests were performed at 60 °C. It is worth
noting that aged samples tested at 25 °C did not show a reac-
tivation peak, and, therefore, the ratio of Ir to Ia was always
zero.

Figure 3 shows the behavior of the ratio of Ir to Ia with aging
time. Aging at 475 °C promotes an increase in the ratio of Ir to
Ia in the first 10 h of aging. An important increase in the ratio

of Ir to Ia was observed from 500 to 1000 h. At 400 °C, the
increase in the ratio of Ir to Ia is more gradual, reaching the
maximum value (0.20) in the samples aged for 500 and 1000 h.

Figure 4 shows the decrease of toughness with aging time.
It is interesting to note the similarity to the corrosion-resistance
behavior (Fig. 3). Aging at 400 °C promotes a decrease in
toughness until 500 h, where the same value (76 J) is subse-
quently maintained for additional aging times. The samples
aged at 475 °C show a continuous decrease in toughness, with
a pronounced decrease in toughness from 500 to 1000 h.

Figure 5 shows surface images of the samples used in the
DL-EPR tests. The aged samples are completely attacked (Fig.
5a) while the surface of the unaged sample remains relatively
smooth (Fig. 5b). Figures 6 to 8 show the etched microstruc-
tures that were revealed using the hot 10% HNO3 + 0.05% HF
solution. The sample aged at 475 °C for 1000 h (Fig. 8a) shows
more intense corrosion pitting than the samples aged at 400 °C
for 1000 h (Fig. 6a) and at 475 °C for 500 h (Fig. 7). Inter-
granular attack is also much more intense in the sample aged at
475 °C for 1000 h (Fig. 8b) than that aged for 500 h (Fig. 7).
This suggests that the increase of the ratio of Ir to Ia, and the
decrease of toughness between 500 and 1000 h at 475 °C, are
caused by additional intergranular precipitation.

Fig. 5 Surface image of the samples used in the DL-EPR tests: (a)
sample aged at 475 °C for 1000 h; and (b) the unaged sample Fig. 6 Sample aged at 400 °C for 1000 h

Journal of Materials Engineering and Performance Volume 14(3) June 2005—369



3.2 Magnetic Properties

Figure 9 shows the behavior of coercive force with aging
time. Tsuchiya et al. (Ref 5) have found an increase in the

coercive force and residual induction with aging time at 475 °C
in a cast duplex SS containing 12.5% ferrite. On the other hand,
Maeda et al. (Ref 6) found a decrease of the coercive force with
aging time at 350, 400, and 450 °C in duplex steel containing
25% ferrite. In the case of the wrought ferritic steel in this
work, the coercive force did not vary with aging time either at
475 °C or 400 °C.

Previous work (Ref 7-9) has shown an increase in the Tc

with aging time. Tavares and colleagues (Ref 8, 9) found an
increase in Tc from 503 to 566 °C due to aging at 475 °C for
500 h in a duplex SS. Kim et al. (Ref 7) found similar results
in a cast ferritic SS. In the present work, such an effect was not
observed. The unaged sample and the one aged at 475 °C for
1000 h exhibited the same Tc, as is shown in Fig. 10.

The aging of high-Cr ferritic and duplex SSs promotes a
broadening of the peaks in the Mössbauer spectra. A single
paramagnetic peak appears at zero velocity in samples aged for
long times (Ref 4). Another effect is an increase in the internal
field with aging time (Ref 7). In this work, none of these effects
were observed. However, the �� precipitation was detected by
analysis of the hyperfine distribution curves shown in Fig. 11.
The large peak at 25 T is attributed to the Fe-rich �-phase,

Fig. 7 Sample aged at 475 °C for 500 h

Fig. 8 Sample aged at 475 °C for 1000 h

Fig. 9 Coercive force against aging time for exposure at 400 and
475 °C

Fig. 10 Thermomagnetic analysis curves of the unaged sample and
the sample aged at 475 °C for 1000 h

370—Volume 14(3) June 2005 Journal of Materials Engineering and Performance



where the 57Fe atoms are surrounded by other 57Fe atoms,
resulting in a high hyperfine field. A small peak at about 10 to
13 T (arrows) appears in the samples aged at 400 °C (Fig. 11a)
and 475 °C (Fig. 11b). This peak is attributed to the Cr-rich
��-phase, because for this phase the 57Fe atom is surrounded
by Cr atoms, which decrease the size of the hyperfine field
(Ref 13).

3.3 Regeneration of the Aged Steel

Table 2 shows the results obtained with regeneration treat-
ments at 570 and 675 °C in samples previously aged at 475 °C
for 1000 h. The heat treatments at 675 °C for 10 and 20 min
promote an increase in toughness and a decrease in hardness to
levels similar to those of the as-received alloy samples. The
regeneration of the corrosion resistance becomes more effec-
tive with an increase in the time of the regeneration treatment
from 10 to 20 min at 675 °C, and 30 min to 1 h at 570 °C. It
is worth noting that an increase in time at 675 °C up to 1 h did
not promote any embrittlement, which means that the forma-
tion of the �-phase does not occur during this period at these
temperatures.

4. Conclusions

The effects of aging at 400 and 475 °C on AISI 444 SS were
investigated. Age-hardening curves exhibited the same general
shape at both temperatures, but the hardness of the samples
aged at 475 °C were higher, as expected. Overaging was not
observed until 1000 h. The corrosion resistance decreased with
aging time, as observed by the results of DL-EPR tests con-
ducted at 60 °C. The ratio of Ir to Ia increased with aging time
at both temperatures, but showed a particularly strong increase
from 500 to 1000 h at 475 °C. The time curves for toughness
versus aging exhibited similar behavior, with a pronounced
decrease in toughness occurring from 500 to 1000 h at 475 °C.
At the same time, metallographic observation showed an in-
crease in intergranular attack

The effects of aging on magnetic properties were quite dif-
ferent from those observed in high-Cr ferritic and duplex SSs.
The coercive force and the Tc did not vary with aging time.
Peak broadening, paramagnetic peak appearance, and the in-
crease of the internal field were not observed by Mössbauer
spectroscopy. However, the hyperfine field distribution profile
showed a small peak at low internal fields, which was attrib-
uted to the ��-phase.

Regeneration treatments at 570 and 675 °C reduced the
hardness and increased the toughness of the aged samples to
levels similar to that of the alloy in the unaged condition. The
corrosion resistance also recovered in treatments performed at
570 °C for 1 h and at 675 °C for 20 min.
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