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Ferritic Fe—22Cr-3Mo-5Ni-0.3Ru alloy was welded by electron beam (EB) and laser
techniques. Tensile tests, impact tests, oxalic acid etch, electrochemical potentiokinetic
reactivation (EPR) and potential-time measurements were employed to investigate the
mechanical properties, microstructural features and corrosion behaviour of the EB and laser
welded metals. The oxalic acid etch tests revealed that the microstructure of the EB and laser
welded metals consisted of columnar grains and cells, respectively. These structures were
formed directly from the substrate by epitaxial solidification. Furthermore, the oxalic acid tests
also showed that the EB and laser welded metals were immune to intergranular corrosion.
Similar results were obtained by double loop EPR tests.

1. Introduction
Ferritic stainless steels offer certain attractive proper-
ties compared to austenitic grades. The ferritics alloys
are generally resistant to stress corrosion cracking and
localized corrosion, but are not resistant to hydrogen
induced cracking. The pitting corrosion resistance of
ferritic stainless steels depends significantly on the Cr
and Mo contents. However, the ferritic alloys exhibit
low fracture toughness and poor weldability, which
limit their usage in industrial applications. It is well
recognized that the toughness of ferritic alloys can be
improved by reducing the carbon and nitrogen levels
[1] or by the addition of stabilizing elements such as
titanium and niobium [2]. Recent advances in steel-
making process have permitted the development of
superferritic steels with very low carbon and nitrogen
contents. These low interstitial ferritic alloys have
been used extensively in the petrochemical industries.
Poor weldability of the ferritic stainless steels is due
to the absence of phase transformations; which leads
to ferrite grain growth in the heat-affected zone
(HAZ). Chromium carbide or nitride precipitation is
likely to occur in the HAZ during welding, as the
diffusion rate of carbon and nitrogen is very rapid in
ferrite. Moreover, atmospheric contamination during
conventional arc-welding processes can also result in
the embrittlement of weld joints. Inert gas shielded-
welding is recommended to minimize contamination
of the weld region, as a high degree of cleanliness is
essential for welding of superferritic steels. Further-
more, the influence of dissimilar metal fillers on mech-
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anical and corrosion properties are relatively complic-
ated [3]. On the other hand, electron beam (EB) and
laser welding are particularly well suited to ferritic
alloys because the heat input is much lower than in
arc-welding processes. Consequently, ferrite grain
growth in the HAZ is restricted. In the welding pro-
cess, the base alloy is irradiated with a high energy
beam causing rapid melting and solidification within a
localized region. Such rapid solidification tends to
prevent sensitization of the ferritic alloys. As EB and
laser welding do not require the use of filler metals, the
fusion zone and HAZ are extremely narrow. More-
over, embrittlement due to atmospheric contam-
ination can be avoided in EB welding because the
welds must be made under vacuum.

Ferritic stainless steels owe their corrosion resist-
ance in oxidizing aqueous solutions mainly to the
formation of passive films on their surfaces. However,
the Fe—Cr alloys are active and exhibit high corrosion
rates in non-oxidizing hydrochloric and sulphuric
acids. It is known that the corrosion resistance of
Fe—Cr alloys in non-oxidizing acids can be improved
by the addition of small amounts of platinum group
metals (PGMs), e.g. Pt, Pd and Ru. The PGM addi-
tions tend to cause spontaneous passivism of Fe—Cr
alloys in non-oxidizing acids. The improved corrosion
resistance results from the enrichment of PGMS on
the alloy surfaces during the initial period of active
dissolution, and a subsequent potential shift from the
active to passive region. It has been reported that the
Fe—Cr alloys containing 40 wt % Cr and 0.2 wt % Pd
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exhibited self-passivation behaviour and excellent
corrosion resistance in boiling sulphuric acid solu-
tions of up to 50% concentration [4]. The Fe-
40Cr-0.2Pd alloy has superior corrosion resistance to
the Hastelloy alloys grade A, B and C [4]. Tjong and
co-workers [5-12] have extensively studied the aque-
ous corrosion and gaseous oxidation behaviour of
ferritic alloys containing PGMs. Tjong reported that
the effectiveness of various PGM additions to
Fe—-40Cr alloys in promoting spontancous passiv-
ation in hydrochloric and sulphuric acid solutions
decreases in the order: Pt, Ru, Pd on the basis of
electrochemical and surface analytical measurements
[9]. However, addition of 40 wt% Cr to Fe-base
alloys tends to decrease their impact toughness [1].
Furthermore, Pt, Pd and Cr are expensive alloying
elements, and Cr in particular is considered to be a
strategic element for some countries. It is necessary to
reduce the Cr content of Fe—40Cr alloy to lower levels
by partial substitution of Cr with other alloying ele-
ments such as Mo. As Ru is the cheapest alloying
element among the PGMs, a small amount of Ru is
added to Fe—Cr—Mo alloys to improve their corrosive
resistance in reducing acids. In this context, Streicher
[13] indicated that Ru alloying is more effective than
Pt or Pd in increasing the pitting resistance of
Fe-28Cr-4Mo alloys in halide media. Recently,
Tjong reported that the addition of 0.3% Ru to an
Fe-22Cr-3Mo-5Ni ferritic alloy significantly de-
creases the dissolution rate in boiling 0.5M HCI
solutions [6]. The purpose of this paper is to investig-
ate the mechanical, corrosion and microstructural
features of EB welded and laser welded ferritic
Fe-22Cr-3Mo—5Ni-0.3Ru alloys. The composition
studied (Fe-22Cr—5Ni-3Mo) is close to that of a
commercial duplex stainless steel. However, the com-
mercial steel contains approximately 0.2% nitrogen,
which yields sufficient austenite stabilization so that a
duplex structure results. The alloy used in the present
work contained no nitrogen and was fully ferritic.

2. Experimental procedure

The alloy investigated was prepared in a vacuum
induction furnace, followed by ingot casting and hot
rolling. The chemical composition of the alloy studied
is listed in Table I. Nickel is added to the alloy to
increase its resistance in reducing acids [14] and to
improve impact toughness. The plates were annealed
at 820°C for 1/2h and subsequently quenched in
water.

The solution-treated alloy was welded with a 3 kW
(Torvac CVE63B) EB welder. Full penetration welds
were made in 7 mm thick plates by a close-square
butt-joint technique with the following parameters:
potential, 60kV; current, 42mA; welding speed,
20mms~ % chamber pressure, 2.6 x 1072 Pa. The

TABLE I Chemical composition (wt %) of the alloy investigated

C N Cr Mo Ni Ru Fe

< 0.01 <0.002 223 2.69 5.11 0.3 Balance

solution-treated plates were also welded with a 3 kW
(PRC FH-3000) CO, laser. Owing to the limited
power of the laser facility, the weld run was made from
opposite sides to achieve complete penetration. The
beam was focused at 2 mm below the work-piece
surface. The following welding parameters were em-
ployed: laser power, 2.5kW; welding speed,
10 mm s~ 1; shielding gas, helium.

Axial rectangular tension specimens of 25 mm
gauge length were machined from the solution-treated
plates, with their lengths paralle] to the rolling direc-
tion. Specimens of identical dimension were also pre-
pared from EB and laser welded plates, with the weld
metals located in the central portion of the gauge
length and transverse to the specimen axis. Charpy
impact specimens (10 x 55 x 6 mm?) were cut from the
solution-treated, EB welded and laser welded
plates, respectively. For the welded specimens, the
notches were located in the weld metals. The fracture
surfaces of impact and tensile specimens were exam-
ined in a scanning electron microscope (SEM) Jeol
model JSM-820, equipped with a Link AN/85S energy
dispersive spectroscopy (EDX) system.

For the electrochemical potentiokinetic reactiva-
tion (EPR) test, the specimens were immersed in de-
aerated 0.5M H,S0, + 001 M KSCN solution at
23°C. The glass test cell consisted of a working elec-
trode, graphite rod counter electrodes and a saturated
calomel reference electrode (SCE). The welded and
isothermally heat treated specimens were subjected to
EPR testing. The working electrode was ground with
SiC paper down to 800 grit, and subsequently polished
down to 1 pm diamond. The polished specimen was
then immersed in the test cell for 5 min to determine
the corrosion potential. It was then polarized anodi-
cally to a potential of 300 mV in the passive range, at
2mVs™!, by using a Princeton Applied Research
(PAR) model 273 potentiostat. When this potential
was reached, the scanning direction was reversed to-
ward the corrosion potential. The current densities
generated during activation (I,) and reactivation (I,)
were measured. The degree of sensitization is ex-
pressed in terms of the I,:I, ratio. In addition to the
EPR test, the specimens were also electrolytically
etched in 10% oxalic acid in order to examine the
degree of sensitization exhibited by EB and laser
weldments. After oxalic acid etch tests, the specimens
were observed in an optical microscope.

Potential-time response measurements were per-
formed in a nitrogen-purged 0.5 M HCI solution at
22°C. The EB and laser welded samples were polished
down to 1 pm diamond. They were placed inside the
glass test cell and were then cathodically reduced in
0.5 M HCl solution at — 800 mV (SCE) for 5 min by
the potentiostat, in order to remove the oxide formed
in air. After cathodic reduction, the specimens were
allowed to spontaneously passivate. The change of
potential with time was recorded.

3. Results
Fig. 1a shows typical macrostructure of the EB weld-
ment; the microstructure of this weldment is shown in
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Fig. 1b. A higher magnification of the weld metal is
shown in Fig. lc. It is apparent in Fig. 1b that the
columnar dendrites that formed in the weld metal
were derived from the HAZ grains. During reso-
lidification of an EB weldment, molten metal is
brought in contact with the cool substrate. Thus,
solidification of the melt occurs epitaxially as the
liquid solidifies from its own substrate. Such epitaxial
growth has been observed in the EB fusion zone of a
single Fe~15Ni—15Cr crystal [15].

Fig. 2 shows the typical microstructure of the laser
weldment taken from a longitudinal section. The op-
tical micrograph indicates that the microstructure of
the laser weld metal consists predominantly of cellular
structure formed by epitaxial solidification, i.e. the
cells grow from favourably oriented grains of the base
metal. However, a thin planar zone is found along the
fusion line.

The results of tension tests on the base, EB and laser
welded samples are tabulated in Table IL It is appar-
ent from this table that there is only a small reduction
in ductility (percentage elongation) of the EB and laser
samples when compared to that of the base metal. The
SEM fractograph of the Fe-22Cr-3Mo—-5Ni-0.3Ru
base alloy after tension test is shown in Fig. 3. One can
see that the fracture surface exhibits ductile dimples

of an EB weldment;
(b) microstructure of this weldment, and (c) a higher magnification
of weld metal after oxalic acid etch test.

Figure 1 (a) Typical macrostructure
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which form by the microvoid coalescence mechanism
and facets associated with quasi-cleavage fracture.
This alloy has an average ASTM grain size number of
4—5 when annealed at 820°C for 30 min. However,
brittle cleavage failure is observed when this alloy is
annealed at 1100°C for 1 h due to the coarsening of
ferritic grains. For the EB and laser welded Fe-22Cr—
3Ni—-5Mo-0.3Ru samples, fracture occurred essen-
tially in the base metal. Thus, the fracture surface of
welded samples exhibit a similar mixed-dimple and
faceted appearance.

The Charpy impact energy of the solution-treated,
EB and laser welded Fe-22Cr-3Mo—4Ni-0.3Ru al-
loys tested at various temperatures are listed in Table



Figure 2 Microstructure of the laser welded Fe-22Cr-3Mo-
5Ni-0.3Ru alloy (oxalic acid etch).

TABLE II Tensile properties of solution treated, EB welded and
laser welded Fe-22Cr—3Mo-5Ni-0.3Ru alloy

0.2% offset
yield strength (MPa)

Material condition Elongation (%)

Annealed 559 22
EB welded 548 19
Laser welded 540 18

Figure 3 SEM fractograph of the Fe-22Cr-3Mo-5Ni-0.3Ru base
alloy after tensile tests.

ITI. Moreover, it is possible to examine the fracture
surface of the EB and laser fusion zone as the notches
are located in the weld metals. Fig 4 shows a typical
SEM fractograph of the base metal after impact
testing at 23 °C. This fractograph reveals that cleavage
is the predominant fracture mode and is accompanied
by a small amount of dimples. This can be expected as
the notchs of the impact specimens increase the tend-
ency for cleavage failure by producing a triaxial tensile
state of stress and high local strain hardening. These
can lead to ductile dimples as shown in Fig, 3, where it
is converted into cleavage fracture. Fig. 5a shows an
SEM fractograph of the EB weld metal at low magni-
fication after impact tests at 23 °C. Higher magnific-

TABLE III Charpy impact energy (J) of solution-treated, EB
welded and laser welded Fe—22Cr—-3Mo-5Ni—0.3Ru alloy tested at
various temperatures

Material condition —196°C — 40°C 23°C
Annealed 38 60 85
EB welded 23 55 55
Laser welded 26 43 65

Figure 4 SEM fractograph of the Fe-22Cr-3Mo-5Ni—0.3Ru base
alloy after impact tests at 23°C.

ation in Fig. 5b shows the fracture path to be associ-
ated with the columnar dendritic weld structure. A
similar fracture appearance is observed for the laser
weldment after impact testing at 23 °C.

Figs 6 and 7 show the potentiokinetic curves for the
base and sensitized alloy specimens exposed to de-
aerated 0.5 M H,SO, + 0.01 M KSCN solutions, re-
spectively. The EPR curve for the laser weld metal is
shown in Fig. 8. KSCN is a grain boundary activator
when the specimen is sensitized. Non-sensitized stain-
less steels exhibit low current density during the re-
activation stage, due to stability of the passive film.
However, sensitized stainless steels show high current
density due to breakdown of the passive film in
chromium depleted areas near grain boundaries. The
EPR method was initially developed for type 304
austenitic stainless steel [16], but it has been success-
fully applied to the ferritic stainless steels [17]. Clarke
et al. [16] used a single loop EPR method to evaluate
the sensitization of stainless steel, i.e. only a reactiva-
tion scan is performed after passivating a specimen in
de-aerated 0.5 M H,SO, + 0.0l M KSCN at 200 mV
(SCE) for 2 min. On the other hand, in the double loop
EPR method, the reactivation scan from the potential
in the passive state is preceded by an anodic scan from
the open circuit potential [18]. The main advantage of
the double loop test is that it is not necessary to
normalize the I, or the ratio I,:I, with a grain size
factor.

Fig. 9 shows the potential-time response curves of
the base alloy and laser weld metal in 0.5 M HCI
solutions. For the base alloy, the initial potential is
located at — 570 mV (SCE), and it is then displaced
towards anodic region. It reaches a peak potential of
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Figure 5 (a) SEM fractograph of the EB welded Fe-22Cr-
3Mo-5Ni-0.3Ru alloy after impact tests at 23 °C, and (b) at higher
magnification.
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Figure 6 Double loop EPR curve for the base alloy exposed in de-
aerated 0.5 M H,SO, + 0.01 M KSCN solutions at 23°C.

about — 260 mV after 678 s, and then gradually sta-
bilizes at — 381 mV after 2000 s. However, the corro-
sion potential of laser weld metal is slowly displaced
towards — 412 mV after 2000 s. Similar potential—-
time response behaviour is observed in EB weld metal.
The results of EPR tests are listed in Table IV.

4. Discussion

The microstructure of EB weld metal consists mainly
of columnar grains formed by epitaxial growth
(Fig. 1b). Both crystallographic orientation of the base
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Figure 7 Double loop EPR curve for the Fe-22Cr-3Mo-
5Ni~0.3Ru alloy after sensitization treatment at 600°C for 2h -
followed by air cooling.
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Figure 8 Double loop EPR curve for the laser weld metal exposed
in de-aerated 0.5 M H,SO, + 0.01 M KSCN solutions at 23°C.
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Figure 9 Potential-time response curves of the base alloy, and laser
weld metal exposed in 0.5 M HCI solution at 22 °C: (I) base alloy;
(IT) laser weld metal.

metal grains and the thermal gradient direction can
influence the development of weld metal micros-
tructures. In polycrystalline metals, grains in contact
with the melt exhibit different crystallographic ori-
entations with respect to the melt—substrate interface.



TABLE IV EPR results for the base alloy, EB and laser weld-
ments

Material condition I, (WA cm™?) I, (WAcm™?) I.:1,

Annealed 9 160 0.056
Sensitized 380 1900 0.200
EB weld metal 0 850 0.000
Laser weld metal 0 900 0.000

Those grains with their crystallographic axes aligned
with the flow direction, grew preferentially over those
with other orientations. Preferential growth in the
heat flow direction subsequently leads to a coarsening
of the polycrystalline grains, because those grains with
less favourable orientation will be eliminated during
the growth process [19]. From this work, one can see
that epitaxial solidification also leads to grain coarse-
ning associated with the formation of columnar
dendrites (Fig. 1c). It is well known that dendrite
formation is related to high cooling rates, alloy con-
tent and undercooling. The cooling rates of the elec-
tron and laser melt pool are typically in the range of
10°-108 Ks~1! 20, 21]. Consequently, large under-
coolings can be attained in the melt prior to epitaxial
solidification, thus favouring a dendritic mode of so-
lidification [22]. On the other hand, from other work
on stainless steels that solidify to ferrite, it is virtually
impossible to identify dendritic growth; presumably
because of high diffusion rates in the solid phase [23].
Kou and Le [24] reported that the dendritic structure
was barely visible in a 430 ferritic stainless steel weld
quenched with liquid tin during welding.

The formation of cellular structure in the laser weld
metal is related to the ratio G:R, where G is the
temperature gradient in the liquid and R is the solidi-
fication rate. High ratio values facilitate planar front
growth, whereas low ratio values favour cellular or
cellular dendritic growth modes [25]. A particular
characteristic of laser welding is that a high value of
G:R exists near the melt-substrate interface, which
facilitates planar growth. Heat transfer calculations
[26] show that the G:R ratio reaches a maximum at
the fusion boundary of a laser weld, as a high temper-
ature gradient exists near this region. However, when
the liquid—solid interface moves away from the fusion
line, G decreases and R increases, thus facilitating
cellular growth.

The impact energy of the Fe-22Cr-3Mo—5Ni-
0.3Ru base alloy at various test temperatures is con-
siderably higher than that of the EB and laser weld
metals. The lower impact energy of the weldments can
be correlated with a higher proportion of cleavage
failure, as revealed by the SEM fractographs
(Fig. 5a,b). These results suggest that resistance to
crack initiation during impact loading is quite high for
the solution-treated base alloy. However, the presence
of long columnar grains and cellular structures in EB
and laser weld metals possibly assists greatly in the
initiation of brittle cracks at the time of dynamic
loading due to solute segregation in this region. Initi-
ation of brittle fracture was, in most cases, associated

with the precipitation of carbides or intermetallic
compounds in ferritic stainless steels.

The oxalic acid tests reveal no evidence of sensitiza-
tion in the HAZ of the EB and laser weldments
(Fig. 1b and Fig. 2). A step structure, by microscopic
examination of the etched surface, indicates a non-
sensitized condition; whereas a ditch structure indic-
ates susceptibility to grain boundary attack. The elim-
ination of the ditch structure in the HAZ of the EB
and laser weldments indicates an improvement in
intergranular corrosion resistance. Damborena et al.
reported that laser melting is very effective in sup-
pressing the sensitization of type 304 stainless steel
[27]. Moreover, embrittlement associated with atmo-
spheric contamination is eliminated due to the very
high cooling rates and the use of inert gas shielding in
laser welding. The fast cooling produced, limits the
time that the weld metal stays in the molten state,
thereby reducing pick up of carbon, nitrogen or
oxyger.

From Fig. 6, it is apparent that the reactivation
curve of solution-treated alloy displays a peak in the
range — 290 to — 580 mV (SCE), which corresponds
to reactivation of chromium—depleted grain bound-
aries. As the diffusion of carbon is so rapid in ferritic
stainless steels, even water quenching cannot prevent
chromium carbide precipitation. This current density
(I,) increases dramatically for the base alloy sensitized
at 600 °C for 2 h followed by air cooling (Fig. 7). On
the other hand, no I, peak can be observed in the
reactivation curve of the laser weld metal exposed in
de-aerated 0.5M H,SO, + 0.01 M KSCN solutions
(Fig. 8). This can be expected, as rapid cooling and
solidification rates during laser welding prevents
chromium carbide precipitation. The HAZ is found to
have an EPR curve similar to that of the laser weld
metal. Furthermore, the EB weldment also exhibits
similar reactivation curves to those of the laser weld-
ment.

The effect of Ru addition on the corrosion behavi-
our Fe-22Cr-3Mo-5Ni alloy exposed in hydro-
chloric solution is now considered. Addition of 0.3%
Ru to the base alloy leads to a shift of the corrosion
potential from the region of active dissolution to the
passive region (Fig. 9). This is associated with the
enrichment of Ru on the alloy surface after cathodic
reduction. As Ru is characterized by low overvoltage
for hydrogen evolution, it promotes spontaneous
passivation of the annealed Fe-22Cr-3Mo-5Ni-
0.3Ru alloy in 0.5M HCI solution. From Fig. 9, a
slight shift in the corrosion potential of laser weld
metal towards more positive values is mostly associ-
ated with the accumulation of Mo and Ni on the weld
metal surface. It is generally established that Mo as an
alloying element does not only retard the anodic
dissolution process [28], but also efficiently enhances
the cathodic process by reducing the hydrogen evolu-
tion overvoltage [29]. In the case of high chromium
steels, Mo gives rise to a slight shift of the corrosion
potential towards the anodic region [29]. On the
other hand, Ni also facilitates hydrogen evolution,
through Ni accumulation on the surface of CrNi steel
[14]. However, because of the hydrogen overpotential,

2653



which is higher on Ni than on PGMs, Ni cannot give
rise to a potential shift towards more positive values
[14]. From the above discussion, a small amount of
Ru in the laser weld metal also results in a potential
shift towards a more anodic potential of — 412 mV
after an extended period of 2000 s. It seems likely that
the lower corrosion resistance of the laser weld metal
in hydrochloric solutions stems from residual segre-
gation, or a change in carbon, 'oxygen, or nitrogen
contents.

5. Conclusions

1. The optical micrographs reveal that columnar
grains and cellular structures are formed in the weld
metals of EB and laser weldments, respectively, as a
result of appropriate G:R conditions.

2. The percentage elongation of the EB and laser
weldments is almost comparable to that of the
Fe-22Cr-3Mo-5Ni—0.3Ru base alloy. However, the
impact toughness of these weldments is considerably
lower than that of the base alloy.

3. The EPR and oxalic acid tests reveal that the EB
and laser weldments are not susceptible to inter-
granular corrosion.

4. The annealed Fe—22Cr-3Mo-5Ni-0.3Ru alloy
exhibits spontaneous passivation in 0.5 M HCI solu-
tion. However, the corrosion potentials of laser and
EB weld metals are displaced towards more positive
values after extended periods of time when exposed in
0.5 M HCI solutions.
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