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Abstract

The good oxidation and corrosion resistance of stainless steels
(SS), they are excellent candidates for their usage in nuclear reactors
as pressurized water reactors. The delta ferrite content in the weld
metal plays an important role in determining the fabrication and
service performance of the welded structures. The ferrite morphology
will depend on the weld section viewed. Studies have been carried out
to evaluate the microstructure of (316L SS) metal deposited on carbon
steel in the as weld condition and aging times 50,500 and 1000 hr at
550°C. The weld metal close to this fusion boundary had a cellular
structure, by using Schaeffler diagram it can be predicting the first-
pass weld microstructure for used (316L SS) and the ferrite numbers
(FN). The corrosion behavior of 316L in an aggressive media namely
NaCl 3% at room temperature was tested. The stainless steels were
examined through potentiodynamic polarization curves. The results
indicate that the major corrosion type that has been observed for all
samples was localized corrosion. The corrosion current density (Icor) of
different conditions of the samples varied in a very wide range, from is
5.2 E-3(A/ cm?) to 6.44E-6 (A/ cm? and the highest corrosion current
density (Icorr) is for as weld condition. There were differences in the
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corrosion potential (Ecorr) values for the samples aged at 550 °C and the
as weld condition.

Keywords: Stainless steel AISI (316 LSS), carbon, steel, corrosion,
aging and ferrit numbers

1. INTRODUCTION
Stainless steels are used extensively in the nuclear, battery,
automotive and defense industries, because of their excellent
strength, oxidation characteristics and acceptable corrosion
resistance._[1-2-3]. These properties are primarily due to the presence
of chromium and Nickel as alloying elements. Chromium is classified
as a strategic material because it imparts corrosion resistance.
Stainless steel filler metal that has a 30% higher coefficient of
thermal expansion than ordinary steel can be used in welding [4].
There has been a considerable amount of interest in a search for
stainless steels; it is well known that Ni extends the y-loop in iron-
carbon equilibrium diagram. On the other hand, Cr is a a-stabilizer
element, Cr is a carbide forming element, therefore, the level of
carbon is very sensitive due to the strong affinity of Cr to form carbide
which impair the corrosion behavior [5-6].

Type (316LSS) substitutes approximately 2% Mo for a nearly
equal amount of Cr to improve pitting corrosion behavior [7]. The L
grades represent low-carbon variants with a nominal carbon level of
0.03 % depending on the specification to which it is manufactured,
which are used for general stainless steel fabrications, elevated
temperature applications and resistance to pitting corrosion
respectively [8]. 300 series of austenitic stainless steels usually
solidify during welding as a mixture of austenite and ferrite. The
ferrite almost fully transforms to austenite on cooling, but there could
be retention of a few percent of 6 ferrite in the weld metal [9]. More
than 2% & ferrite phase is presented in type 316L stainless steels due
to improvement of hot workability or welding process [10-11]. In this
paper, the effect of the aggressive media, namely, 3% NaCl on the
corrosion behavior of this layer of (316LSS) deposited on carbon steel
will be tested, by conducting corrosion tests, microscopic structure and
ferrite number of these layers.
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2. MATERIALS AND SPECIMENS PREPARATION

2.1 Material of plates and Filler metal

The coated electrode of class AWS (American Welding Society) was
used in the welding experiments. The type are (E-316LSS) with
diameter ¢ =4 mm. The chemical composition of the plates and
electrode used are shown in Table (1).

Table (1) the chemical composition of the plates and electrodes

Element C Si Mn Cr Ni Mo P S Fe
Carbon steel .
(CS) 0.2 0.23 1.37 0.01 0.01 0.005 0.02 0.008 Basis
E 316 L <0.003 0.8 0.8 18.5 12 2.6 - - Basis

2.2 Weld metal deposit

Welding process with SMAW, electrode diameter 4 mm, AWS E
(316LSS) with one pass. The welding current 1is120~140A. Polarity
DCEP and welding voltage is 60 V.

2.3 Metallographic examination

The weld deposit (316LSS) and carbon steel were metallographic
examinaed. The specimens were prepared by grinding under water on
rotating disc, using abrasive paper with grades ranging from 180 to
2000. Then polished to mirrored surface by using diamond paste with
grades 3 and 1 micron.

The microstruructure for as weld conditions and after aging
were examined. The deposited stainless steel (316LSS) was
electrolytically etched with the condition (10g oxalic acid, 6Vdc, 15-30
s) and Carbon steel was etched with 2% Nital. Specimens were rinsed
with alcohol and dried with hot air. The optical microscope (OM) was
used for microstructural examination.

2.4 Electrochemical Corrosion testing

The specimens were ground on SiC grinding papers from 240 till 1000
grade, followed by polishing on polishing lapped cloth using 1pm
diamond suspension. Then the polished specimens were degreasing
with ethanol before immersion in the test solution. The
electrochemical corrosion behavior of the specimens were studied by
applying the Potentiodynamic polarization technique wusing a
potentiostat (Electrochemical Impedance Analyzer, Model 6310)
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interfaced to a computer and a three-electrode cell with the working
electrode of exposed area 100 mm2, a saturated calomel reference
electrode (SCE), carbon electrode as counter electrode. The testing
media was 3% NaCl prepared from duple distilled water and reagent
grade salt. The surface area of (316LSS) is equal to (carbon steel) CS
area which is immersed in the test solution; the rest of CS was
covered with plastic tap.

2.5 Ferrite Number Equipment:

For determination the ferrite number of weld metal at the as weld
condition by using the three diagrams Schaeffler diagram [12],DeLong
diagram[13 | and the WRC-1992 diagram[14 |

3. RESULTS AND DISCUSSION

3.1 Microstructure

Concerns about dissimilar metal welding, weld metal constitution
center around the first weld pass or root pass, primarily because of
dilution effects are greatest in this pass. In many cases of dissimilar
metal welding, a highly desirable goal in selecting the filler metal is,
to obtain stable austenite with a small amount of ferrite in this first
weld pass. In the case of 316L stainless steel,the C, Mn, Ni, and N
concentrations were responsible for the low ferrite number proving to
be strong austenite stabilizers. The elements Cr, Si and Mo, on the
other hand, are known as strong ferrite stabilizers and increase the
ferrite number[15]. The microstructure of stainless steels (316LSS)
weld metal deposited on carbon steel in the as weld condition and
aged specimens at times 50,500 and 1000 hr at 550°C are shown in
Figure (1).

The as welded condition showed that the microstructure
consists of austenite (white phase) as a matrix and the ferrite as the
second phase (which appears as black phase) for weld metal type
(316LSS). In the stainless steel side and at the fusion boundary[16],
crystal orientation of the base metal has great influences on the
microstructure of the weld and cause to form the epitaxial growth
region. The epitaxial growth zone is very narrow and its size is
restricted due to the high thermal gradient produced between the
base metal and the fusion zone.
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Figure (1) 316L Optical micrograph showing the microstructure features of
316L weld metal deposited on carbon steel (a) as weld (b) 50 hr aging (c) 500
hr aging and (d) 1000 hr aging.

For welding purposes, it is therefore important to take into
consideration that the weld metal ferrite content was vermicular and
lathy. At 550°C delta ferrite will undergo transformation and
segregate into ferromagnetic delta ferrite and paramagnetic delta
ferrite. [17- 18].

Close to the fusion boundary, the SS clad region consisted of a
narrow zone of fine dendrites of ferrite and austenite as shown in
Figure (1). The weld metal close to this fusion boundary had a cellular
structure, which was different from that observed in the CS side. This
suggests that there could be compositional differences in these two
regions, and the mode of solidification could have also been different.
However, the microstructural features of the weld metal, observed
near the fusion boundary of SS and CS sides, even though close to the
fusion boundary were distinctly different [19-1].

3.2 Ferrite number

The ferrite(5-ferrite) phase content in stainless steel weldments
expressed in terms of Ferrite Number (FN) has proven very valuable
in assessing the performance and predicting microstructure of
austenitic stainless steel. 2- 4% delta-ferrite(d-ferrite) phase 1is
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presented in fully austenitic stainless steels (SS) such as type 316L
SS because o&-ferrite phase 1is intentionally formed during
manufacturing to improve welding[20]. More than 4% &-ferrite phase
is formed during non-equilibrium solidification. The effects of 3-ferrite
phase on the corrosion resistance of austenitic SS were explained with
the following; the formation of Cr-depleted zone [21], low
concentrations of Cr and Mo in yOphase [22]. The 300 series of
austenitic stainless steel is primarily monophasic at room
temperature. (FN) is controlled by several factors and is the result of
the series of microstructural changes that take place during the
welding process [23] Thus, the relationship between the alloy
composition and the ferrite content can be quite complex. The relative
influence of each alloying addition given by element coefficients in the
Creq or Ni ¢q expression is likely to change when there is a change in
the base composition. In this study the Cr ¢ = 22.3% and Ni eq=
12.49% and the aging temperature wasb550 C, at different times. At
these conditions the ferrite in the microstructure is a small fraction
included in austenite matrix.[24]

The Schaeffler diagram is an important tool for predicting the
constitution of austenitic Cr-Ni steel welds with carbon contents up to
0.12 %. However, it does not allow determination of the composition
and volume of the carbide phase. Furthermore, if the carbon content
in a weld exceeds 0.12 %, the agreement of predictions with actual
data is markedly reduced due to an intense consumption of carbon
and carbide-forming elements by the carbide formation process.

The diagram is based on the fact that the alloying elements
can be divided into ferrite stabilisers and austenite-stabilisers. This
means that they favour the formation of either ferrite or austenite in
the structure. If the austenite-stabilisers ability to promote the
formation of austenite is related to that for nickel, and the ferrite-
stabilisers likewise compared to chromium, it becomes possible to
calculate the total ferrite and austenite stabilising effect of the
alloying elements in the steel. This gives the so-called chromium and
nickel equivalents.

The Schaeffler diagram [12] Figure (2), Delong diagram [13]
Figure (3-a) and the WRC-1992 diagram [14] Figure (3-b) can be used
to predict weld metal and transition region microstructure during
dissimilar metal welding of stainless steels. Table (2) show the FN of
weldment (316LSS) by using the three diagrams.
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Table(2)show the FN of weldment 316L by using the three diagrams

Cr, Ni
Constitution Creq and Nieq Equivalent FN
Diagram 316L 316L
Shaeffler diagram[] | Creq =Cr+Mo+1.5 Si Cr eq. =22.3 10
Figure (3) Nieq = Ni+30C+0.5Mn Ni eq=12.49
DeLong diagram]| ] Creq =Cr+Mo+1.5 Si Cr eq=22.3 17
Figure (3) Nieq= Ni+30C+30N+0.5Mn Ni eq=12.49
WRC 1992 ] Creq =Cr+Mo Cr eq=21.4 16
Figure (3) Nieq =Ni+35C+20N+ 0.25 Cu Ni eq=12.105
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Figure (3)DeLong diagram (a) and the WRC-1992 diagram (b)

By using Schaeffler diagram it can be followed in predicting the first-
pass weld microstructure for use (316L SS) filler metals. The tie-line
from the (316LSS) point 1 composition in Figure (2-a) to the synthetic
base metal composition point 2 is within the area of the diagram
indicating that ferrite will be present 10%. With Type (316LSS) filler
metal, the weld deposit will be almost certainly fully austenitic,
unless dilution 50% point 3 by the base metals is extremely high, in
which case martensite not ferrite will appear. Tie-line can also be

EUROPEAN ACADEMIC RESEARCH - Vol. VII, Issue 3 / June 2019
2029



Amany Nagy Kamel ,A. F. Waheed -Correlation between Corrosion and Ferrite
Number of 316L Stainless Steels Deposited on Carbon Steel Aged at 550° C

used to predict the microstructure in the transition region at the
fusion boundary. All these microstructures can be expected in a
narrow region between the base metal HAZ and the fully mixed weld
metal.

3.3 Potentiodynamic Polarization Tests

The corrosion current density lcor and corrosion potential Ecorr of
(316LSS), which was determined by potentiodynamic technique are
shown in Table (3). From these data, it can be generally evaluate the
corrosion performance of (316LSS) at different aging conditions.

Table (3) Corrosion potential Eco.r and corrosion current density Ico.r for 316L

Aging condition Ecorr (mV) Icorr (A/cm2)
As weld -514 1.35E-3

50hr -583.7 5.2E-3

500hr -462.1 6.44E-6
1000hr -785.3 560.2E-6

The electrochemical tests were established by using Potentiodynamic
technique at room temperature. Anodic polarization curves for
specimens (316L SS and CS) for as weld condition and aging times
50,500 and 1000 hr at 550 °C in 3% NaCl solution having neutral pH
are shown in Figures (4-7).

In Figure (4) for as weld specimen the corrosion current
density Ieor is 1.35 E-3(A/ cm?, the current density increases
moderately till -400( mV), after that the current density increases
abruptly till the end of the run, which may be due to localized
corrosion .

400
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Figure (4) Potentiodynamic polarization curves of specimen (316L SS and CS) for as weld
condition

Anodic polarization curves for aging specimens (316L SS and CS) in
neutral pH solution are shown in figures (5-7). Anodic polarization
curves shows that the current density increases with increasing the
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applied potential till reaches almost constant value. This can
interpreted to the changes on the surface of the alloy.

Figure (5) shows the anodic polarization curve for specimen
(316L SS and CS) aging for 50 hr at 550 °C the corrosion current
density Icor is 5.2 E-3 (A/ cm?, the current density increases
moderately till -500 mv, after that the current density increases till
the end of the run. The corrosion current is higher than that of as
weld condition.

Figure (6) shows the anodic polarization curve for specimen
(316L SS and CS) aging for 500 hr at 550 °C , the corrosion current
density Icorr is 6.44 E-6 (A/ cm?, the current density increases
moderately till -400 (mV) in this case the current density increases
steadily with content rate to the end of the experiment.

Figure (7) shows the anodic polarization curve for specimen
(316L SS and CS) aging for 1000 hr. at 550 °C, the corrosion current
density Iecor is 560.2 E-5(A/ cm?), the current density increases
moderately till certain potential, after this case the current density
abruptly increases after corrosion potential with high rate.

e SCHmY)

Figure (5) Anodic polarization curve in 3%NaCl solution of sample (316L SS and CS)
aging for 50 hr at 550°C
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Figure (6) Anodic polarization curve in 3%NaCl solution of sample (316L SS and CS)
aging for 500 hr at 550°C
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Figure (7) Anodic polarization curve in 3%NaCl solution of sample (316L SS and CS)
aging for 1000 hr at 550°C

The major corrosion type that has been observed for all samples was
localized corrosion. The corrosion current density (Icorr) of the different
conditions of the samples varied in a very wide range from is 5.2 E-
3(A/ cm? to 6.44 E-6 (A/ cm?) and the highest corrosion current density
(Icorr) 1s for as weld condition. There were differences in the corrosion
potential (Ecorr) values for the samples aged for 1000 hr at 550 °C than
the as weld condition.

Sung-Yu Kim et al [10] found that the low corrosion
resistance of type 316L SS with 3-ferrite in the acidic solution is due
to the lower concentrations of Cr and Mo in y phase to cause galvanic
corrosion in the active potential zone and to degrade the stability of
passive film in the passive potential zone. In addition, the pitting
resistance of type (316L SS) in the neutral pH solution is affected by
inclusions such as sulfur compounds rather than 8-ferrite. [25]

The lower corrosion resistance of type (316L SS) with &-ferrite
phase is due to the lower concentrations of Cr and Mo in y phase.

5- CONCLUSIONS

1. From Schaeffler diagram the weld microstructure for use (316L SS)
fillers metal can be expected. Close to the fusion boundary, the SS
clad region consisted of a narrow zone of fine dendrites of ferrite and
austenite.

2. In this work, aging at temperature 550°C for different times
varying from 50 hr tol000 hr, modifies the microstructure and
corrosion behavior of austenitic stainless steel 316L. The
microstructure changes occur in ferrite content.
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3. Anodic polarization curves for specimens (316L SS and CS) for as
weld condition and aging times 50,500 and 1000 hr at 550 °C in 3%
NaCl solution with neutral pH were studied. The major corrosion type
that has been observed for all samples was localized corrosion.

4. The corrosion current density (Icorr) of the different conditions of the
(316LSS) varied in a very wide range from is 5.2 E-3(A/ cm?) to 6.44 E-
6(A/ cm? and the highest corrosion current density (Icorr) is for as weld
condition.
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