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Ferritic stainless steel is used as a coating for equipment in the petroleum refining industry.
Welding is themainmanufacturingandmaintenanceprocessused.However, little information
on the metallurgical alterations caused by welding of these steels is found in the literature,
prompting this study. In this study the authors evaluated the HAZ microstructure of AISI 444
ferritic stainless steel welded plates, by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The results indicated that a weld thermal cycle caused microphase
precipitation in the HAZ of the ferritic stainless steel. Also needle-like Laves phase
precipitation occurred in the HAZ, near the partially-melted zone. Other secondary phases
such as chi and sigma were observed, as well as nitride, carbide and carbonitride precipitates.
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1. Introduction

Stainless steels can suffer various forms of metallurgical
damage when exposed to critical temperatures. In welding,
the region of the heat affected zone (HAZ) often experiences
temperatures that are sufficient to promote microstructural
changes. The formation of undesirable phases may cause a
deleterious effect on the mechanical and corrosion resistance
properties of the steels. Notably, amongst the main secondary
phase precipitates which can occur during welding in stain-
less steel are carbides, nitrides and intermetallic compounds.

The precipitation of chromium nitrides, carbides and carbo-
nitrides may occur under various conditions, depending on the
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stainless steel grade. During the welding of ferritic stainless
steels, chromium carbides are formed in the HAZ region at
locations thatwereheated to temperaturesabove900 °C. In some
cases, ferritic stainless steels regain their original resistance after
tempering in the 650–800 °C range [1]. However, when these
steelsareproducedwith low interstitial elements like carbonand
nitrogen, the precipitation is less likely to occur. According to the
literature, all stainless steels with carbon content above 0.001%
are susceptible to carbide precipitation [1,2]. Chromium carbide
precipitation may be responsible for embrittlement, intergranu-
lar corrosion and may reduce resistance to pitting corrosion.

The precipitation of sigma (σ), chi (χ) and Laves phases in
stainless steels can cause embrittlement and a decrease in
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Table 1 – Chemical composition of the AISI 444 ferritic
stainless steel (wt.%)

C Cr Ni Mo Nb Ti N Fe

0.015 17.55 0.20 1.85 0.16 0.13 0.012 Bal

Table 3 –Welding parameters used for this study

RMS
current
(A)

RMS
voltage (V)

Welding speed
(cm/min)

Welding
energy (kJ/cm)

80 25 20.0 6.0
80 25 12.5 9.0
80 26 10.0 12.0
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corrosion-resistance [3,4]. The σ phase has a tetragonal crystal
structure, formed mainly of iron and chromium but it may
also containmolybdenum. Its formation field phase is defined
in the Fe–Cr diagram at temperatures below 840 °C. However,
variations in the chromium and molybdenum contents
modify the kinetic reactions, moving the precipitation tem-
perature to as high as 1000 °C [5]. In steels with low chromium
content, the σ phase forms very slowly, and is unlikely to
occur during a welding cycle. However, when the steel
contains levels of chromium above 20%, σ phase precipitation
is possible. Thus, during heat treatment and welding, the
cooling rate must be high to avoid precipitation of this phase.

Molybdenumalso promotesχ (chi) and Laves phase precipita-
tion. The χ phase according to the literature has a Fe36Cr12Mo10
nominal composition. Because of the high levels of chromium
and molybdenum removed from the matrix by its precipitation,
this phase causes a decrease in corrosion-resistance and
increases embrittlement of the steel [5]. The Laves phase is an
intermetallic compound that can occur in complex chemical
compositions. Machado and Padilha [12] cite that some elements
like molybdenum, titanium and niobium can favor Laves phase
formation, and that the presence of silicon and niobium may
promote (Fe, Ni, Cr)2(Nb, Si) Laves phase precipitation.

A frequent problem in many ferritic and duplex stainless
steel is the 475 °C embrittlement, which causes a significant
reduction of toughness and ductility at room temperature but
causes a considerable increase in the strength and hardness
[6–8]. The 475 °C embrittlement probably causes, in addition to
alterations in mechanical properties, a decrease in corrosion-
resistance owing to spinodal decomposition of ferrite in the
Cr-rich α' phase [9,10].

All of these factors can cause damage to stainless steels
during the welding process. Consequently, it is necessary to
study the metallurgical changes occurring in the welding of
these steels. This work presents observationsmade of theHAZ
inAISI 444 ferritic stainless steel welded by the SMAWprocess.
2. Materials and Procedure

The material evaluated in this work was the AISI 444 ferritic
stainless steel (FSS) base metal, whose chemical composition
is shown in Table 1. The covered electrode used was AWS E
309MoL-16 austenitic stainless steel with a 2.5 mm diameter.
The use of this covered electrode was suggested by PETRO-
BRAS technicians. The chemical composition of the weld
metal is presented in Table 2.
Table 2 – AWS E309MoL-16 austenitic stainless steel weld
metal chemical composition (wt.%)

C Cr Ni Mo Fe

0.03 23 13 2.5 Bal
The manual welding was carried out with a single
deposition in the plane position on plates 50×150 mm in
size and 3.0 mm thick, using the SMAWprocess. An INVERSAL
450 multiprocess power source system for data acquisition
and a system to assist the welding speed control were used.
Three levels of welding energy were employed with para-
meters: RMS current, RMS voltage, welding speed and energy
are shown in Table 3.

The samples were prepared using routine metallographic
methods and etching with Vilella's reagent (1 g picric acid,
100 ml ethanol, 5 ml hydrochloric acid). Microstructural
characterization was carried out using an Olympus optical
microscope with an image analysis system Image ProPlus and
an XL Phillips® scanning electron microscope (SEM) equipped
with an energy dispersive X-ray (EDX) system.

X-ray diffraction analysis (XRD) was carried out to qualita-
tively characterize the precipitate types in the HAZ of the
samples welded. This analysis was carried out with an X'Pert
Phillips®X-raydiffractometer,CuKα radiation (λ=0.1542nm)and
a diffracted beam monochromator. Data acquisition was made
using the software package belonging to the equipment (X'Pert
Data Collector, X'Pert Graphs and Identify, X'Pert Organizer).
3. Results and Discussion

3.1. Microstructural Analysis

The AISI 444 FSS as-cast weld consisted of a single phase
microstructure of polygonal ferrite with some titanium and
niobium carbonitrides (Fig. 1). These carbonitrides occur
Fig. 1 –Microstructure of the base metal obtained by optical
microscopy. Particles are titanium and niobium
carbonitrides. Etching: Vilella's reagent.



Fig. 2 – (a) Titanium and niobium carbonitride precipitates.
(b) EDX analysis of the carbonitride precipitates.

Fig. 4 –Detail of the needle-like precipitates in the HAZ.
Etching: Vilella's reagent.
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because this steel contains titanium and niobium to stabilize
carbon and nitrogen and avoid sensitization. Fig. 2a shows
titanium and niobium carbonitrides in detail in the original
microstructure of the base metal. The EDX analysis shows the
presence of nitrogen, niobium and titanium peaks (Fig. 2b).

In the HAZ adjacent to the weld bead, the ferrite underwent
considerable grain coarsening (Fig. 3) due to heating above
1100 °C in this region. The HAZ grain growth causes a decrease
in toughness and consequently limits application in some
Fig. 3 –HAZ microstructure of AISI 444 steel welded with
6 kJ/cm. Etching: Vilella's reagent.
cases. Various very fine precipitates with a needle-like mor-
phology were observed in the HAZ near the partially-melted
zone, Fig. 4. Owing to their limited size, it was not possible to
determine the chemical composition by EDX analysis.

Faria [11] studied the presence of these phases in the HAZ of
ferritic stainless steels containing 17% and 18% chromium and
additions of niobium and molybdenum. Using transmission
electron microscopy (TEM), he determined the chemical com-
position of the particles, which were rich in niobium and
molybdenum. This result suggested that the phase is probably a
Laves phase. Machado and Padilha [12] also verified that
elements like niobium, titanium and molybdenum contribute
to promoting Laves phase formation and concluded that the
presence of this phase in these steels caused a considerable
decrease in toughness.

Three observations involving themicrophases presented in
AISI 444 FSS and themicrophases observed in Faria's work [11]
are worth noting. The first is that in both cases the region
where the Laves phase precipitation was observed was in the
HAZ near the partially-melted zone. The second observation is
the needle-like morphology observed in all cases. The third
observation is that the niobium content of the two steels is
approximately equal (0.16% Nb). Based on these facts, it is
probable that the phases present in theHAZ of the AISI 444 FSS
examined here are Laves phases.

Although the niobium and titanium in the alloy are normally
present in the form of carbonitrides, if the steel is heated to
sufficientlyhigh temperatures, thecarbonandnitrogencanbe re-
dissolved and the niobium and titanium put back into solution,
free to associate with elements such as iron and chromium,
giving origin to the Laves phase. This is possible since the HAZ
region where the Laves phases are observed is precisely at the
temperature range in which carbides, nitrides and carbonitrides
exhibit substantial solubility, above 1100 °C, according to the
time-temperature precipitation (TTP) diagram, Fig. 5.

Several other researchers have presented results for Laves
phase precipitation in ferritic and duplex steels [15–22].
Sakasegawa et al. [15], on studying the effect of precipitation
morphology on ferritic/martensitic stainless steel toughness,
verified that in materials aged at 650 °C, the M6C disappeared
and the Laves phase appeared. The authors also noted that the



Fig. 7 –Precipitation in the HAZ of AISI 444 welded with
6 kJ/cm. Etching: Vilella's reagent.

Fig. 5 – Isothermal precipitation diagram of secondary phases
in ferritic stainless steels [13,14].
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amount of precipitation increased up to 1000 h but that further
change between 1000 and 3000 h was very small. However, in
all cases the precipitation occurred over long time exposures.
In welding, cooling rates are very rapid; however, it is possible
that some non-equilibrium mechanism acts in the partially-
melted zone, and is capable of promoting the formation of
secondary phases such as Laves phase.

Therefore, below the temperature where the Laves phases
formed, a fine network that formed along the ferrite grain
boundaries was seen, as well as the presence of very fine
intragranular precipitation, Fig. 6. It is believed that the grain
boundary precipitation is the σ-phase and that the very small
intragranular precipitates are the χ-phase. The σ-phase is an
intermetallicFe–Crphase,withvariablecomposition inhigh-alloy
steels. In general, the nucleation of σ-phase occurs at the grain
boundary, growing into the ferrite [23]. Several factors influence
σ-phase formation, including the chemical composition. Accord-
ing toSourmail [24], elementssuchasCr,Mo,NbandTiareknown
to promote σ formation. Another important fact is that σ-phase
formation in ferrite is about 100 times faster than inaustenite [25].
AISI 444 is essentially ferriticwitha composition that contains the
mainelements that promote theσ-phase.Moreover, it is probable
Fig. 6 –Fine inter- and intragranular precipitation at and near
a ferrite grain boundary. The intergranular precipitates are
probably σ-phase, whereas the intragranular precipitation is
more likely χ-phase.
that the σ-phase that forms along the ferrite grain boundaries is
assistedby thepresenceofχ-phase, since thisphase is considered
a facilitator for σ-phase formation [26].

Another microstructural alteration observed in the HAZ of
AISI 444 FSS was the presence of finely dispersed precipitates in
both thematrixand in the ferritegrainboundaries, Fig. 7. Inmany
Fig. 8 –SEM images of precipitation in the HAZ at: (a) a
sub-grain boundary, (b) the center of a grain. Sample welded
with 6 kJ/cm. Etching: Vilella's reagent.



Fig. 9 –SEM image of precipitation at a ferrite grain boundary
in a sample welded with 9 kJ/cm. Note the grain boundary
ditching caused by removal of chromium carbide precipitates
during metallographic polishing. Etching: Vilella's reagent.

Fig. 10 –X-ray diffractograms showing ferrite and precipitate
peaks. (a) a sample welded with 6 kJ/cm. (b) A sample
welded with 12 kJ/cm.

Table 4 – Secondary phase precipitation identified by XRD

Precipitates Peak locations (2θ)/associated planes— for
different welding energies

6 kJ/cm 9 kJ/cm 12 kJ/cm

Laves (Fe2Nb) 43.39°/(200) 43.37°/(200) 43.39°/(200)
χ 50.41°/(330) 64.57°/(611) 64.71°/(611)

64.59°/(422)
64.73°/(611)

σ 74.23°/(333) 74.43°/(333) 74.37°/(333)
CrN – 43.69°/(200) 43.69°/(200)
Cr2C ∼82°/(201) – –
Cr7C3 50.39°/(402) – –
Cr23C6 – 50.69°/(531) 50.69°/(531)
Cr21.34Fe1.66C6 – – 50.69°/(531)
Cr7C3 – 50.49°/(402) 50.51°/(402)
Laves (Fe2Mo) 90.12°/(206) 90.11°/(206) 90.12°/(206)
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cases, the presence of precipitates along the ferrite sub-grain
boundaries can be seen. The structure shown in Fig. 7 is in the
HAZ near the weld bead of a sample weldedwith 6 kJ/cm. In this
region the temperatures reachedwere greater than 900 °C,which
provides favorable conditions for possible chromium carbide
and/or nitride precipitation. Liao [27] simulated theweld heating
cycle in duplex stainless steel and verified the formation of CrN
and Cr2N in the ferrite, due to the high diffusivity of chromium
and nitrogen and the low solubility of nitrogen in this phase.

Using SEM it was possible to observe the precipitates in the
HAZ, as shown in Fig. 8. In Fig. 8(a), precipitation is observed at
grain and sub-grain boundaries in the specimen welded with
6 kJ/cm. The size of the precipitates is quite small, making EDX
analysis of the particles unfeasible. The large polygonal (dark)
points in both Fig. 8(a) and (b) are believed to be titanium
nitrides. Fig. 8(b) shows the presence of precipitation inside a
HAZ ferrite grain of the sample welded with 12 kJ/cm.

Fig. 9 presents an area in the HAZ of a sample welded with
9 kJ/cm where ditch formation in the grain boundary may be
observed. The occurrence of ditches is characteristic of regions
where chromium carbide precipitation has been pulled out in
the metallographic polishing operation.

3.2. X-ray Diffraction Analysis

A qualitative analysis of the precipitate carried out by X-ray
diffraction was based on the identification of the peaks after
refinement, using PROFIT and PCPDFWIN software to adjust
the exact peak angular position of the phases presented in the
HAZ. Based on the values of the peaks in the diffractograms, a
comparison with JCPDS card values was made, in order to
identify the phases which could precipitate in the AISI 444
steel. Fig. 10 shows diffractograms of the samples welded with
6 and 12 kJ/cm. The presence of peaks corresponding to ferrite
(α) and peaks of smaller intensity, which correspond to the
precipitates, may be seen. The presence of several peaks
inside a larger peak, using PROFIT software, was also noted.

The XRD results indicated the probable presence of several
secondary phases such as χ, σ and Laves, besides carbides and
nitrides. Fig. 10 indicates the probable presence of small
amounts of Laves phases, identified as Fe2Nb and Fe2Mo.
Another phase probably present in all analyses was the χ-
phase; this phase was seen in three peaks in the X-ray
diffractogram of the sample welded with 6 kJ/cm, Fig. 10(a),
and at one peak for a sample welded with 12 kJ/cm, Fig. 10(b).
The probable presence of σ-phase was also observed (Table 4).
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Through the diffractograms it was possible to verify that,
for the sample welded with low heat input (6 kJ/cm), the
carbides present were of the Cr2C and Cr7C3 types. However,
for the sample with a larger heat input (12 kJ/cm) these
precipitates were not observed, but more complex carbides
such as Cr23C6, Cr21.34Fe1.66C6 and Cr7C3, as shown in Fig. 10(b).
4. Conclusions

Based on the experimental results obtained for the welding
conditions used in thiswork, itwas possible to conclude that the
HAZ of the AISI 444 stainless steel welded with the AWS
E309MoL-16 coveredelectrodeexhibited significant graingrowth
with respect to the base metal in the partially-melted zone.

The presence of fine needle-like precipitation close to the
partially-melted zone was observed; this was judged to be
Laves phase, based on similar research in the literature, and
was present irrespective of the welding energy employed. The
weld thermal cycle also caused finely dispersed precipitation
in the HAZ. In some areas, the presence of chi and sigma
phase precipitation was detected at the ferrite grain bound-
aries; these were particularly prominent in the samples
welded with low energy.

The X-ray diffraction analyses confirmed the presence of
secondary phases such as Laves, chi and sigma, in addition to
the presence of several chromium nitrides and carbonitrides,
reinforcing the observations of these phases obtained by
microscopy, and consistent with the published literature.
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