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Microstructural, magnetic and mechanical property changes in
an AISI 444 stainless steel aged in the 560 °C to 800 °C range
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AISI 444 steel is an 18Cr-2Mo ferritic stainless steel, containing Ti and Nb as stabilizing
elements. The effects of aging in the 560-800 °C range on the microstructure, mechanical
and magnetic properties were investigated. The material was not susceptible to sigma
phase formation until 100 h of exposure. Slight hardening at 560 °C and progressive
softening in the 650 °C-800 °C range were observed. At these temperatures, Mo-rich phases
such as Fe,Mo and FeMoSi precipitate. The increase of particle sizes with the increase of
temperature above 650 °C is responsible for the decrease of hardness. Precipitation of the
Mo-rich phases increases the coercive force.

Aging © 2006 Elsevier Inc. All rights reserved.
AISI 444
1. Introduction The aim of the present work was to investigate the

Ferritic stainless steels are widely used in many manufactur-
ing processes in chemical and petrochemical industries. The
main advantage of this steel family over the austenitic grades
(304, 316,...) is the superior stress corrosion resistance in
certain of these environments. However, ferritic stainless
steels are susceptible to some embrittlement phenomena
related to grain growth, sigma phase formation [1,2] and o’
precipitation [2,3].

AISI 444 is a ferritic type stainless steel containing 18% Cr,
2% Mo and Ti and/or Nb as stabilizing elements. Due to the Cr
and Mo contents the steel presents higher pitting corrosion
resistance than other ferritic grades. The Ti and/or Nb
stabilizing elements form fine carbides which prevent sensi-
tization and improve the weldability. In previous work of our
group [4], the effects of low temperature prolonged aging (400-
475 °C) were investigated. At these temperatures the steel
undergoes hardening, embrittlement and corrosion resistance
decay, due to o’ precipitation.

* Corresponding author. Tel.: +55 21 26295584.
E-mail address: ssmtavares@terra.com.br (S.S.M. Tavares).

microstructural changes in the AISI 444 exposed to tempera-
tures in the 560 °C-800 °C range. The effects of the precipita-
tion reactions on the mechanical properties (hardness and
toughness) and magnetic properties (coercive force and
magnetization saturation) were determined.

2. Experimental Methods

The 3 mm thick plate of AISI 444 studied in this work was
purchased in the annealed condition. Table 1 shows the
chemical composition of the material.

Table 1 - Chemical composition of the AISI 444 studied

%C %Cr %Ni %Mo %Ti %Nb %Si %N %Fe

0.015 17.56 0.20 1.86 013 018 0.54 0.0123 Bal.

1044-5803/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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Fig. 1-Hardness x aging time at 560 °G, 650 °C, 700 °G, 750 °C
and 800 °C.

AISI 444 steel is strongly notch sensitive. Using Charpy-V
notch reduced size samples (55x10x2.5 mm) very small
absorbed energy values were found to cause fracture in the
received condition: 3]. On the other hand, using an unnotched
sample the fracture energy was raised to 120]. For this reason,
unnotched specimens were used to evaluate the effects of
aging on the toughness. The tests were conducted in a
universal impact test machine with maximum capacity of
300 J and a precision of +1 J. Vickers hardness (HV30) was
measured in all conditions.

The samples were treated at 560 °C, 650 °C, 700 °C, 750 °C
and 800 °C for various times up to 100 h.

Microstructural changes were investigated by optical and
scanning electron microscopy and X-ray diffraction. Samples
for optical and scanning electron microscopy were prepared
with Villela’s reagent [5]. Precipitates were extracted from the
samples aged at 700 °C and 750 °C for 24 h. The precipitation
extraction was made in a 10% HCI solution applying a current
density of 0.25 A/cm?. The precipitates were analyzed by EDS
and X-ray diffraction.

Saturation magnetization and coercive force changes were
measured using a Vibrating Sample Magnetometer with
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Fig. 2-Impact energy x aging time at 560 °C, 650 °C, 700 °C,
750 °C and 800 °C.

Fig. 3—-Microstructure of the as received material.

maximum applied field of 1T, and a time constant and
sweep time of 1 ms and 30 min, respectively.

3. Results and Discussion

Fig. 1 shows the hardness variation with aging time at five
different temperatures. Fig. 2 shows the impact toughness
versus aging time for the same temperatures. The aging at
560 °C slightly increases the hardness, whereas aging at 650 °C
showed essentially no hardness change. Increasing the aging
temperature to 700 °C, 750 °C and 800 °C promotes progressive
softening of the material. Fig. 2 shows that the material did not
present any embrittlement effect in the temperatures inves-
tigated for times up to 100 h.

Some ferritic stainless steels are susceptible to sigma phase
formation in the 500-800 °C range; this causes hardening and
embrittlement. Sigma phase precipitation is favoured by an
increase in Cr, Mo and Si contents. One of the objectives of this
work was to investigate the susceptibility of the AISI 444 steel
to sigma phase formation. The hardness and toughness
results presented in Figs. 1 and 2 indicate that the hard and
brittle sigma phase does not form for the aging conditions
investigated.
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Fig. 4-EDS profile of the coarse square shaped precipitates in
the as received condition.
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Fig. 5-Microstructure of the sample aged at 650 °C for 24 h.

Fig. 7-Microstructure of the sample aged at 750 °C for 24 h.

The starting material presents a microstructure containing
coarse and square shaped precipitates in the ferritic matrix
(Fig. 3). These are Ti and Nb nitrides, as confirmed by EDS
analysis (Fig. 4). Figs. 5, 6, 7, and 8 show SEM images of the
microstructures of the samples aged for 24 h at 650 °C, 700 °C,
750 °C and 800 °C, respectively, all revealed by Villela’s etch.
These microstructures indicate the original (Nb,Ti)N precipi-
tates and other fine and dispersed particles precipitated in the
ferritic matrix. The average size of the new precipitates
increases with the aging temperature; this coarsening is
related to the hardness decrease with the increase of aging
temperature.

Fig. 9 shows EDS results for the powder extracted from the
sample aged at 700 °C for 24 h. The sample aged at 750 °C
showed a similar profile (not shown). The precipitates exhibit
high Si, Mo and Ti contents. Niobium may also be present, but
its presence may be obscured since its strongest peaks occur at
the same energy level as the Mo (L transition). The low Cr
content confirms the absence of ¢ phase.

The X-ray diffractograms of the powders extracted from
samples aged at 700 °C and 750 °C are shown in Figs. 10 and 11,
respectively. Using the JCPDS data base [6], the peaks were
related to reflections of the phases Fe,Mo (JCPDS 43-0822),
Fe;Mos (JCPDS 45-1230), FegsMos3; (JCPDS 19-0608), and niobi-
um and titanium nitrides (JCPDS 43-1421, 14-0547, 74-1214 and
17-0386). Many coincidences were also found with the FeMoSi
phase (JCPDS 15-0485), which is in accordance to the EDS

Fig. 6 - Microstructure of the sample aged at 700 °C for 24 h.

result, which shows a significant peak for Si. There is some
question as to whether this is a ternary phase or if there exists
a continuous solid solution between Fe,Mo and FeSiMo, with
the Si replacing Fe atoms (see card JCPDS 15-0485 of [6]).

The Fe-Mo and Fe-Mo-Si phases are those which precip-
itate during the high temperature aging, especially Fe,Mo and
FeMoSi which present a significant number of peaks coinci-
dent with the diffractogram obtained. Some peaks of the X-ray
diffractogram, however, were identified as iron-molybdenum
oxides (JCPDS 35-1479 and 15-0290), which probably form due
to the extraction and separation process. Ultra-fine niobium
and titanium carbides, which are probably present in the
stabilized steel, were not detected by the X-ray diffraction of
the extracted powder.

Previous work has shown that Fe,Mo particles are respon-
sible for mechanical and magnetic hardening in Fe-Mo-Ni
alloys [7-9]. Jin et al. [10] have also observed mechanical and
magnetic hardening of Fe-Cr-Mo alloys with 11 to 17% Crand 4
to 6% Mo. In these alloys, a significant increase of the coercive
force was observed when the alloys were cold deformed and
aged in the 615-705 °C range.

Fig. 12 shows the effects of aging in the 560-800 °C range on
the coercive force (H.) and saturation magnetization (mg) of the
AISI 444 steel. The samples were aged for 24 h. The results
were normalized by dividing the H. and mg values by those of
the as received material (He) and mgg). It is interesting to
note that the saturation magnetization (ms) is not affected by

Fig. 8—Microstructure of the sample aged at 800 °C for 24 h.
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Fig. 9-EDS profile of the powder extracted from the sample
aged at 700 °C for 24 h.
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Fig. 10-X-ray diffraction of samples aged at 700 °C for 24 h.
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Fig. 11-X-ray diffraction of samples aged at 750 °C for 24 h.

1,40 1,40
--8--momg, b
1,35+ —*—H/Myq — e, F1,35
1,30 ! £1,30
1,25 t1,25
- [ .
1%1,20- - o @
2 1157 H1,15 Eﬂ
1,10~ £1,10
1,051 t1,05
1,001 ®-- T -y Rl El = 11,00
095 0,95

560 55lO SEIJD 6€I>0 TEI)CI 750 B(I)O
Aging temperature (°C)

Fig. 12-Curves of coercive force and saturation magnetization
against aging temperature, for samples aged for 24 h.

the precipitation reactions. On the other hand, the material
exhibits a magnetic hardening effect, due to the precipitation
of Fe-Mo phases. An increase of about 30% in the coercive
force is observed. This effect can be enhanced by an increase
of the Mo content and by cold deformation before aging, as
pointed out by Jin et al. [10].

4, Conclusions

AISI 444 ferritic steel aged in the 560 °C-800 °C range for times
up to 100 h did not present sigma phase formation. Aging at
560 °C promotes a small hardening effect, due to the small size
of intergranular precipitates that develop. Based on X-ray
diffraction analyses, these precipitates are Fe-Mo phases such
as Fe,Mo, Fe;Mo and FegsMos; and are seen to precipitate
copiously at 700 and 750 °C. As the aging temperature is
increased, progressive softening is observed, reflecting an
increase of the precipitate particle size.

Aging in the 560 °C-800 °C does not affect the room
temperature toughness of the material, which indicates that
the Fe-Mo phases are not harmful to this property.

The precipitation of Fe-Mo phases also promotes a small
magnetic hardening effect, especially in the 560 °C-750 °C
range, but has no effect on the saturation magnetization.
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