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Synopsis

The study comprised of the investigation into the sensitization
characteristics of AISI 409 titanium stabilized ferritic stainless steel
during low heat input welding. AISI 409 is a fully ferritic stainless
steel used in catalytic converters and tubing for automotive exhaust
systems due to the supposition that sensitization does not occur
during low heat input welding. Two plates of 2 and 4 mm were
tested for sensitization during low heat input welding. The study
confirmed that chromium carbide (M»3Cs) precipitation occurs on
the grain boundaries in the heat-affected zone with consequent
depletion of Cr adjacent to the grain boundaries during welding. In
the 2 mm plate sensitization occurred in the heat input range of 0.1
kJ/mm to above 0.25 k]/mm and in the 4 mm plate sensitization
occurred in the heat input range of 0.2 to 0.9 kJ/mm. Ti stabilization
is ineffective at the heat inputs used in this investigation due to the
rapid cooling rate through the temperature region where TiC precip-
itates. The presence of N was found to be detrimental since it
consumes Ti on cooling, forming TiN, effectively lowering the
amount of Ti available for TiC formation during rapid cooling after
welding. Annealing for 5 minutes at 725°C does not improve the
sensitization characteristics of the welded plate. There is a linear
increase in grain size as heat input increases. The resistance to
pitting corrosion decreases in the sensitized, welded plate in the
heat-affected zone adjacent to the fusion line of welding.

Keywords
AISI 409 ferritic stainless steel, sensitization, grain growth,
resistance to pitting corrosion, low heat input welding.

Introduction

The weldability of AISI 409 is considered fair
and in this paper its sensitization behaviour
after gas tungsten arc welding (GTAW) was
investigated. AISI 409 is a low carbon, 10.5 to
12 per cent Cr, Ti stabilized, ferritic stainless
steel. It is used in applications such silencers,
catalytic converters and tubing for automotive
exhaust systems. It has the specified chemical
composition limits as shown in Table I. Its
melting temperature is in the range of

1 480-1 530°CL.

AISI 409 is utilized in catalytic converters
in automotive exhaust systems in favour of its
good corrosion resistance, moderate price and
the supposition that it has good resistance to
sensitization during thermal cycles, thus
replacing aluminized carbon steel. Gas metal
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arc welding (GMAW) is used in the manufac-
turing process. Due to the corrosive
environment of the application of AISI 409
intergranular corrosion (IGC) has been
detected in the heat-affected zone (HAZ) of
weldments. The corrosive atmosphere in an
exhaust system is mainly due to condensed
water and exhaust gas containing CI, S04%",
S0, CH3COOH, COs> and HCO3 2.

Figure 1 is a cross-section of the ternary
Fe-Cr-C phase diagram. The steel considered
here is designed to pass, on cooling, through
the diagram to the right of the (5 + 1) loop, i.e.
it remains fully ferritic from its melting
temperature down to room temperature.

Although AISI 409 has a maximum carbon
content of 0.03 per cent, Figure 1 is illustrative
of the shape of the austenite and (austenite +
ferrite) phase fields of the alloy. An increase in
carbon content will enlarge these phases at the
expense of ferrite, yet is compensated for by
excess titanium (an excellent ferrite former
when in solid solution), shifting the A and (6 +
)) phase boundaries to the left of the diagram,
which results in the fully ferritic (5) matrix.

As a result of the absence of grain boundary
austenite/martensite, AISI 409 undergoes grain
growth in the heat-affected zones (HAZ) of
weldments. As a consequence— in the as-
welded state—it has poor toughness, fatigue
and tensile properties1,3.

The carbon and nitrogen contents are kept
to a minimum to improve toughness, minimize
sensitization of the steel and to maintain a
ferritic structure. Consequently, ferritic
stainless steels are not high-strength steels. In
the annealed condition these steels have yield
strengths in the order of 275-415 MPa4.

AISI 409 is typically supplied in the
annealed condition. Annealing is carried out
between 700°C and 750°C1. During the
annealing of titanium stabilized stainless
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Sensitization behaviour of 11-12% Cr AISI 409 stainless steel

Table |
Specified chemical composition limits for grade AISI 409 (% by mass, balance Fe, single values are maximum
levels)?
c si Mn P s cr Ni N Ti
0.03 1.00 1.00 0.04 0.02 10.5-11.70 0.05 0.03 0.18-0.75
506 C<0.01% Various models have been proposed for the sensitization
of stainless steels. Sensitization by means of chromium
depletion due to the precipitation of chromium-rich carbides
1400 ; . . .
is the most widely agreed upon2.7. According to this theory
carbides of the type M»3Cs or rather (Fe,Cr),3Cq precipitate
19004 intergranularly where a surface is available which will lower
o the energy required for nucleation of the precipitate. This
<~ 1200 results in chromium depletion of the matrix directly adjacent
@
5 to the grain boundaries on which the precipitates form. The
® 1100 steel becomes susceptible to intergranular corrosion when the
2 chromium content in the affected matrix adjacent to the grain
E 1000 boundary area falls below that required for passivation (in
= the order of 11.5 per cent Cr). It reduces the corrosion
900+ resistance of the steel in the vicinity of the grain boundaries
and the steel may suffer preferential attack when exposed to
800 a corrosive environment as aforementioned. In general,
o chromium-rich Mp3Cq precipitates form in ferrite in the
700 T T T temperature range of 550-850°C8.
ge S 10 15 20 Carbon solubility is lower in ferrite than in austenite due
% Chromium to a much more densely packed body-centred cubic (BCC)

Figure 1 - Vertical section of the ternary Fe-Cr-C phase diagram for
steels with Carbon content less than 0.01%3

steels in this temperature range the majority of carbon and
titanium precipitate homogeneously throughout the matrix as
highly stable titanium carbides (TiC), titanium nitrides (TiN),
or carbo-nitrides (TiCN). This inhibits the precipitation of
sensitizing chromium-rich carbides due to carbon’s higher
affinity for titanium when compared to chromium, i.e.
titanium carbide precipitation requires a lower free energy
(AG) to nucleate than chromium carbides. This effectively
stabilizes the steel against intergranular corrosion caused by
sensitization3.

Austenitic consumables such as 308L, 309L and 316L are
recommended as filler metals to improve the toughness of
welds. In order to limit grain growth, it is generally
considered beneficial to use minimum heat inputs during
welding. Edge welds should be avoided. When welding e.g.
lap joints, a maximum combined thickness of 3 mm should
be maintained, i.e. 2 x 1.5 mm thickness on each plate being
joined by welding1,5.

Literature review

According to Kim ef al.2 sensitization to IGC can occur in AISI
409 specimens, aged in the temperature range of 400-600°C,
which represents the sensitization nose of the time-
temperature-sensitization (TTC) diagram at 600°C, especially
after welding. Kim et al.6 also found that higher chromium
contents decrease the extent of IGC but does not prevent it.
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crystal structure which has less interstitial spaces than the
austenitic face-centred cubic (FCC) lattice. A consequence of
this structure is that carbon has a much faster diffusivity in
ferrite than in austenite. This allows sensitization to occur
more easily and rapidly than in any other stainless steel even
when subjected to a rapid quench after welding3.8.

Due to the high diffusion rates in ferrite, carbides form
rapidly during annealing. In the as-supplied condition (fully
annealed) these steels therefore contain carbides, but are in
the fully de-sensitized condition due to chromium diffusion
into any Cr-depleted zones during heat treatment. These
steels can only resensitize by being heated to a temperature
above the carbide dissolution temperature (+ 950°C) followed
by rapid cooling to prevent carbon back-diffusion.

A lowering of the carbon content to below even 0.01 per
cent does not prevent sensitization in ferritic stainless steels;
therefore, stabilizing agents are added such as Ti and Nb.
These stabilizers are added in sufficient quantities to combine
with most of the carbon in the steel. These elements minimize
the formation of M»3Cq carbides but they also reduce the
temperature at which these carbides undergo dissolution9.

During annealing, Ti stabilized ferritic stainless steel such
as AISI 409 forms titanium carbides (TiC), which is stable at
high temperatures. TiC precipitation requires a lower driving
force than M3Cs and therefore Ti acts as a stabilizsing agent
against sensitization, arresting any chromium carbides that
would subsequently form on cooling in an otherwise non-
stabilized stainless steel. Excess carbon is consumed in the
supersaturated ferrite matrix by precipitating TiC at temper-
atures higher than the M,3C¢ precipitation range, hence no
carbon is available to form carbides with chromium at lower
temperatures1o.
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Equations [1] and [2] have been established in literature
for the determination of the appropriate Ti content for
successful stabilization of 12 per cent Cr Steels, as follows11.

%Ti>4 * (%C + %N) [1]

%Ti > 0.08% + 8 * (%C + %N) [2]

These equations promote over-stabilization.

During high heat input welding chromium back-diffusion
in ferrite grains plays an important role in mitigating sensiti-
zation. The sensitized areas are given time to ‘heal’ when
chromium from the grain interiors diffuse into the depleted
and sensitised zones until the per cent Cr is again above the
necessary level for passivation, restoring the corrosion
resistance which is due to the chromium oxide film Cr,0512.

Four modes of HAZ sensitization have been identified in
12 per cent Cr steel, most of them involving dual phase (y +
d) stainless steel where the austenite in the steel transform to
martensite during the rapid cooling rates associated with
welding. Mode 3 sensitization corresponds to the sensiti-
zation found in titanium stabilized stainless steels with a
high Kaltenhauser ferrite factor (KFF) or fully ferritic
stainless steel such as AISI 40911,12,13,

Mode 3 sensitization occurs in the coarse-grained region
directly adjacent to the fusion line. In dual phase ferritic
stainless steels this region consists mostly of ferrite-ferrite
grain boundaries and in the case of AISI 409, fully ferritic
grains. The absence of austenite (which acts as a carbon
sink) in this region and the low solubility of carbon in ferrite,
causes the ferrite matrix to be supersaturated with carbon.
Chromium-rich carbides precipitate extensively along grain
boundaries in the initial stages of cooling after welding. Mode
3 can therefore occur along the grain boundaries of the high
temperature heat-affected zone (HTHAZ) of weldments
during low heat input, single-pass weld with a fast
subsequent cooling rate, shallow weld toe cusps and arc
strikes. The rapid thermal cycle of low heat input welding
does not allow for chromium back-diffusion to affected areas
from the grain interiors and the HAZ contains a continuous
sensitized network of ferrite-ferrite grain boundaries down to
room temperature12,13,14,

The chromium depleted or sensitized sites will undergo
anodic dissolution in a corrosive environment, which results
in intergranular corrosion (IGC). In the presence of consid-
erable operating and residual stresses this kind of corrosive

attack is usually initiated as pitting corrosion. Individual pits
eventually link up, resulting in intergranular stress corrosion
cracking (IGSCC)11.

Experimental procedure

Alloy composition

Two plates of AISI 409 of different thickness (2 and 4 mm)
were used in this investigation, as the sensitization
behaviour is both a function of plate thickness and chemical
composition. Tables I and III gives the specific chemical
compositions of these plates.

Welding procedure

Autogenous (bead on plate welds without filler metal)
welding was performed on both plates using gas tungsten arc
welding (GTAW) with negative electrode polarity. Pure
welding-grade argon shielding gas at a flow rate of 15 ¢/min
was used.

The heat input of the welds on the 2 and 4 mm plates
were range of 0.1-0.25 kJ/mm and 0.1-1.0 kJ/mm respec-
tively.

Equation [3] was used to calculate the heat input (A7) of
welding for each respective weld that was investigated. It
incorporates the welding parameters used where V is the arc
voltage, 7 is the welding current (A), v is the travel speed of
welding (mm/s) and ¢ is the power or heat flux (W).

HI = "TVI =q/v [3]

The average arc efficiency (n) was estimated at 47.5 per
cent which lies close to the upper limit normally stipulated for
GTAW which is in the range of 22 to 48 per cent15. Tables IV
and V lists the welding parameters selected to produce the
desired heat inputs of welding.

Sensitization testing

To test for sensitization the ASTM Standard Practices for
Detecting Susceptibility to Intergranular Attack in Ferritic
Stainless Steels (A 763-93) were used on both the 2 and
4 mm thick plates after weldinge.

Practice W requires a 10% oxalic acid etch followed by
investigation using a metallurgical microscope. Etching was
carried out at 1 A/cmz for 1.5 minutes. It reveals the presence

Table Il

Chemical composition of the 2 mm thick plate of AISI 409 (% by mass, balance Fe)

c Si Mn P s Cr Mo Ni Al Ti Nb Cu v

0.03 0.61 0.52 0.03 <0.001 | 11.40 0.02 0.13 0.01 0.19 <0.002 0.11 0.07

Table Il

Chemical composition of the 4 mm thick plate of AISI 409 (% by mass, balance Fe)

c s P Mn Si Cu Ti Mo Cr Ni Al Nb v N B

0.011 | 0.0005 | 0.23 0.54 0.6 0.06 | 0.187 | 0015 | 1143 | 0141 | 0008 | 0001 | 009 | 0.0135 | 0.0005
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Table IV

Heat input range of weldments on the 2 mm thick plate

Weld Welding current (A) Arc potential (V) Welding speed (mm/s) Power (W) Heat input (kd/mm)
1 41 15.5 3.2 0.30 0.095
2 50 15 3.2 0.36 0.112
3 55 14 2.8 0.37 0.131
4 60 16 3.2 0.46 0.143
5 65 14 2.8 0.43 0.155
6 70 15.5 3.2 0.52 0.162
7 81 16 2.8 0.62 0.221
8 99 15 2.8 0.71 0.253
Table V
Heat input range of weldments on the 4 mm thick plate

Weld Welding current (A) Arc potential (V) Welding speed (mm/s) Power (W) Heat input (kd/mm)
1 50 15 3.0 0.36 0.12
2 78 16 3.0 0.60 0.20
3 119 17 3.0 0.96 0.32
4 138 18 3.0 1.20 0.40
5 164 19 3.0 1.50 0.50
6 199 19 3.0 1.80 0.60
7 207 21 3.0 2.10 0.70
8 227 22 3.0 2.40 0.80
9 257 22 3.0 2.70 0.90
10 272 23 3.0 3.00 1.00

of chromium carbides by removing any carbide present on
the surface area of the microstructure exposed to the oxalic
acid solution during etching. Therefore, any continuous and
darkened network of grain boundaries is an indication of the
presence of chromium-rich carbides.

Practice Z requires the samples to be boiled for 24 hours in
a copper-copper sulphate-16% sulphuric acid solution. The
samples are to be in contact with copper clippings to induce a
galvanic effect between the steel and the copper to enhance the
corrosion effect of the acid on the steel. Previous work cited the
parameters of the test too severe8. For this reason the total time
of boiling was reduced to 4 hours and the sulphuric acid was
used at a concentration of 6% H,SO4. The samples were then
analysed and scanning electron microscope (SEM) images were
taken. Practice Z reveals the chromium depleted zones adjacent
to grain boundaries. Energy dispersive spectroscopy (EDS) was
done after Practice Z on titanium carbides, titanium nitrides
and chromium carbides.

Annealing

A sample from the 4 mm thick plate, welded at a heat input
of 0.5 kJ/mm was annealed at a temperature of 725°C with a
holding time of 5 minutes. The sample was then subjected to
ASTM practice Z to determine the effect of annealing on the
extent of chromium back diffusion into Cr-depleted grain
boundaries.

Grain size estimation

The average grain diameter of the HAZ was determined for
each sample of the 4 mm thick plate, welded at the heat
inputs stated in Table V, with the Heyn Lineal Intercept
Procedure specified in the ASTM Standard Test Methods for
Determining Average Grain Size (E 112-96)17.
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Corrosion tests

The corrosion, pitting and protection potentials were
established for the unwelded (as-received) plate and a sample
welded at a heat input of 0.4 kJ/mm using the Standard
ASTM practice G 150-9918, The corrosion test was carried out
in an Avesta Cell (an electrochemical cell which limits the
occurrence of crevice corrosion) with a 3.5% Nacl solution,
deaerated for 30 minutes with nitrogen gas prior to testing. A
Ag/AgCl reference electrode was used. The results obtained
from the corrosion tests were compared to establish the
influence of sensitization and welding on the corrosion
characteristics of the steel.

Heat flow modelling

In order to quantify the effect of heat input on the thermal
cycle, Rosenthal’s heat flow equations of a moving point heat
source were used to model conduction driven heat flow in the
heat-affected zones of the 4 mm welded samples 100 um
from the fusion line19.

Phase stability regions simulated in FactSage™
software

The thermal cycle of welding is not an equilibrium process
but equilibrium calculations give a good indication of what
phases are stable at specific temperatures. The specific
chemical composition of the 4 mm steel was used to predict a
pseudo equilibrium phase stability diagram using FactSage™
software. The same was done with the titanium content
halved. Temperatures from these diagrams were used to
predict the time spent within each phase stability region
during cooling after welding, using the Rosenthal equations.
FactSage™ was also used to predict, at equilibrium, the
weight percentage of TiN and TiC that would precipitate
during cooling of the plate from the molten state.
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XRD

In order to analyse the precipitates, five welding beads,
welded in the region where sensitization was found to be
most prolific, were dissolved in a solution of 35% HCI. The
solution was then filtered using glass fibre filter paper with
an average aperture diameter of 0.7 um. The filtered product
was rinsed with distilled water and acetone to achieve
agglomeration of the filtrate and air dried before XRD
analysis.

Results and discussion

Figures 2 and 3 shows the difference in the microstructures
(4 mm samples) of the as-received and welded plates. The
sample of figure 3 was welded at a heat input of 0.4 kJ/mm
and both were etched with 50 ml HNOz, 50 ml HCI, and 50 ml
water by submersion for 90 seconds.
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Figure 2-Typical AISI 409 microstructure in the as-received condition
(etched with 50 ml HNO3, 50 HCL and 50 ml water for 90 seconds). TiC
precipitates are also visible

Figure 3-Four distinct phases present on the microstructure after
welding (4 mm plate welded at a heat input of 0.4 kd/mm and etched
with 50 ml HNO3, 50 ml HCL and 50 ml water)
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2 mm thick plate after GTAW

Practice W

Figures 4-7 are optical micrographs taken with an optical
microscope of the 2 mm thick 409 steel samples, welded at the
heat inputs listed in Table IV, subjected to ASTM Practice W.

Figure 4—2 mm thick AISI 409 welded at a heat input of 0.095 kd/mm
(Practice W)

Figure 5—2 mm thick AISI 409 welded at a heat input of 0.11 kd/mm
(Practice W)

Figure 6—2 mm thick AISI 409 welded at a heat input of 0.14 kd/mm

(Practice W)
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Figure 7—2 mm thick AISI 409 welded at a heat input of 0.15 kdJ/mm
(Practice W)

Figure 8—Unsensitized microstructure of control sample subjected to
modified Practice Z

Figure—9 HAZ of the 2 mm thick AISI 409 welded at a heat input of
0.095 kd/mm (Modified Practice Z)
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Figure 4 (welded at a heat input of 0.095 k]/mm) shows
some grain boundaries outlined by Practice W, yet no grain
boundaries reveal the presence of chromium carbide precipi-
tation (Mp3Ce) in the HAZ. Figures 5-7 reveal the presence of
intergranular chromium carbide precipitates in the high
temperature heat-affected zone (HTHAZ) closer to the weld
bead. Chromium carbides are indicated by darkened grain
boundaries where the carbides were attacked (and dissolved)
by Practice W.

Practice Z

Figures 8-12 are photomicrographs taken on a scanning
electron microscope (SEM) of the HAZ of the welded 2 mm
samples that were subjected to the modified ASTM Practice Z.
Figure 8 is an unwelded and unsensitised control sample
added to the test for comparative purposes.

Figure 10—HAZ of the 2 mm thick AISI 409 welded at a heat input of
0.11 kd/mm (Modified Practice Z)

Figure 11—HAZ of the 2 mm thick AISI 409 welded at a heat input of
0.14 kd/mm (Modified Practice Z)
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Figure 12—HAZ of the 2 mm thick AISI 409 welded at a heat input of
0.25 kd/mm (Modified Practice Z)

Weld Bead

Figure 13—4 mm thick AISI 409 welded at a heat input of 0.1 kd/mm
(Practice W)

Figure 9 compares well with Figure 8 in that no grain
boundary ditching is evident. None of the areas adjacent to
the grain boundaries experienced anodic dissolution during
Practice Z. This is an indication of the absence of chromium
depletion in these areas, corresponding to Figure 4.

Figures 9-12 show extensive grain boundary ditching. It
is evident that the areas adjacent to the grain boundaries
were depleted of chromium where chromium carbides precip-
itated intergranularly. Where the Cr content dropped below
the concentration required for passivation (about 11.5 per
cent) these areas underwent anodic dissolution during the
implementation of the modified Practice Z.

Cooling through the temperature range where Cr atoms are
mobile in the ferrite matrix is too rapid for Cr from within the
grain interiors to diffuse back to those areas depleted of Cr.

4 mm thick plate after GTAW

Practice W

Figures 13-18 are optical micrographs taken with an optical
microscope of the 4 mm thick 409 plate. These samples were
welded at the heat inputs given in Table V, subjected to
ASTM Practice W.

Weld-Bead

Figure 15—4 mm thick AISI 409 welded at a heat input of 0.50 kd/mm
(Practice W)

Figure 14—4 mm thick AISI 409 welded at a heat input of 0.20 kd/mm at
higher magpnification (Practice W)
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Figure 16—4 mm thick AISI 409 welded at a heat input of 0.60 kd/mm at
higher magnification (Practice W)
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Evident from Figure 13 no chromium carbides precip-
itated at a heat input of 0.1 k]/mm. In the heat input range of
0.2-0.9 kJ/mm, chromium carbides precipitated intergran-
ularly in the heat-affected zones. At a heat input of 1.0
kJ/mm there is again an absence of intergranular chromium
carbides. The absence of carbides at a heat input of 0.1 and
1.0 kJ/mm is ascribed to the cooling rate. At a heat input of
0.1 kJ/mm (Figure 18) the cooling rate is too rapid for carbide
precipitation and at 1.0 k]J/mm the cooling rate is such that
enough time is allocated in the thermal cycle of welding to
allow for titanium stabilization to be effective.

Modified practice Z

Figures 19-23 are micrographs taken on the SEM of the HAZ
of the welded samples of the 4 mm thick plate after the
application of the modified Practice Z, welded at the
respective heat inputs stated in Table V.

Figures 19 (heat input of 0.1 kJ/mm) and 23 (heat input
of 1.0 kJ/mm) shows no ditching of the grain boundaries,
which indicates that no chromium depletion adjacent to grain
boundaries took place which is in turn indicative of no
carbides (M,3Ce) precipitated on the grain boundaries. This
corresponds to Figures 13 and 18 of Practice W of samples

Figure 17—4 mm thick AISI 409 welded at a heat input of 0.70 kd/mm
(Practice W)

500 pm

Figure 18—4 mm thick AISI 409 welded at a heat input of 1. 0 kd/mm
(Practice W)
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Figure 19—4 mm thick AISI 409 welded at a heat input of 0.10 kd/mm
(Modified Practice Z)

Figure 20—HAZ of 4 mm thick AISI 409 welded at a heat input of 0.20
kJd/mm at a larger magnification (Modified Practice Z)

Figure 21—4 mm thick AISI 409 welded at a heat input of 0.32 kd/mm
(Modified Practice Z)
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welded at the same heat input levels. Also at higher heat
input levels and consequent slower cooling rates, chromium
back diffusion plays a role in healing the areas that did
indeed undergo chromium depletion due to carbide precipi-
tation. Figures 20-22 shows extensive grain boundary
ditching where the area adjacent to the grain boundaries
were depleted of chromium below the level necessary for
passivation.

Annealing after welding of 4 mm thick AISI 409 plate

A sample, welded at 0.5 kJ/mm that revealed carbide precipi-
tation through Practice W and chromium depletion of the
areas adjacent to the grain boundaries through the modified
Practice Z, was annealed after welding at a temperature of
725°C for 5 minutes. The sample was air cooled and
subjected to the modified Practice Z, to investigate the extent
of chromium back diffusion in the annealing temperature

Figure 22—HAZ of 4 mm thick AISI 409 welded at a heat input of 0.50
kJd/mm at a larger magnification (Modified Practice Z)

Figure 23—4 mm thick AISI 409 welded at a heat input of 1.0 kd/mm
(Modified Practice 2)
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range. Figures 24 and 25 were taken after the modified
Practice Z on the SEM. Figure 24 is an electron back-
scattered image of the HAZ.

From Figures 24 and 25 it is evident that annealing at
these conditions is not sufficient to induce chromium back-
diffusion successfully as sensitization occurs in the welding
bead and chromium depletion is still prevalent within the
HAZ. A double annealing treatment, i.e. two annealing cycles
at 725°C for 5 minutes each with cooling in between, may be
beneficial.

Chemical analyses on TiC, TiN and M23Ce

Figures 26 and 27 show titanium carbides (TiC) and titanium
nitrides (TiN) that were observed on the microstructures of
the welded 4 mm thick plate after the application of Practice
W and the modified Practice Z respectively.

Figure 24—Electron back-scattered micrograph of the HAZ of a 4 mm
thick AISI 409 plate welded at a heat input of 0.50 kJ/mm and annealed
at 725°C for 5 minutes (Modified Practice Z)

Figure 25—4 mm thick AISI 409 welded at a heat input of 0.50 kd/mm
and annealed at 725°C for 5 minutes showing sensitization of the
welding bead (Modified Practice Z)
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Titanium carbides appear as cubic precipitates varied in
size and at random positions through the ferrite grains and
on some grain boundaries. TiC also nucleates on already
existing titanium containing precipitates like TiN, which
nucleates and reaches stability before TiC during cooling.
This is evident in Figures 28 and 29 where an EDS was
performed on two different points on such a precipitate.

In Figure 29 it is apparent that the dark region in the
centre of the cubic precipitate contains nitrogen and the light
outer region contains carbon. XRD confirmed the presence of
TiN and TiC in the weld bead and heat-affected zones of the
welded samples.

An EDS scan was performed on a chromium carbide
found along a grain boundary in the HAZ of a sample that
was subjected to the modified Practice Z. The particle is
shown in Figure 30 and the EDS in Figure 31.

Phase stability regions simulated in FactSage™
software

A phase stability diagram, Figure 32, showing the regions
where the phases of interest to this study are stable during
equilibrium cooling at varying chromium contents was
simulated using FactSage™ software. The diagram is based
on the specific chemical composition as given in Table III.

Figure 26—TiC and TiN in ferrite grains after Practice W (weld heat
input—0.6 kJ/mm)

Figure 27—TiC and TiN in ferrite grains after modified Practice Z (weld
heat input—0.4 kJ/mm)
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Figure 28—TiC and TiN in ferrite grains after Practice Z (weld heat
input—0.8 kJ/mm)
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Figure 29—TiC and TiN EDS on SEM after Practice Z (weld heat input—
0.8 kd/mm)

Figure 30—M23Cs on ditched grain boundary after Practice Z (weld heat
input—0.8 kd/mm)
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Sensitization behaviour of 11-12% Cr AISI 409 stainless steel

According to Figure 32, AISI 409 with Cr content of 11.4
per cent will solidify from the liquidus temperature as ferrite
and TiN at a temperature just above 1 510°C followed by the
formation of TiC at temperatures below 1 150°C. This
structure remains stable down to room temperature, and
suggests that, under equilibrium cooling conditions, the steel
contains enough Ti to prevent sensitization, hence no
chromium carbide precipitation is predicted.

At the non-equilibium cooling conditions of the welding
thermal cycle, the work piece cools too rapidly for Ti
stabilization to be effective. This was simulated in
FactSage™ by halving the Ti content of the original chemical
composition in the equilibrium diagram of Figure 33.

The formation of chromium carbides is evident in
Figure 33 with ineffective titanium stabilization.

Pardo et al.20 found that the general equations used to
predict the wt9% Ti required for successful stabilization
(Equations [2] and [3]) is inadequate at non-equilibrium
cooling to prevent the formation of chromium rich My3Ce.
This is due to TiN formation and rapid cooling at the elevated
temperatures where TiC becomes stable in the matrix and
start to precipitate. On the phase diagram of Figure 32 it is
shown that, on cooling, TiN formation occurs before TiC

Figure 31—M23Cs EDS on SEM after Practice Z (weld heat input—0.4
kJ/mm)

Fe-Cr-C-Ti-N
%€ =0.071, %7/ =0.187, %N = 0.0135

J Fpo Tl 8 T

Mass % Cr

Figure 32—Phase stability diagram for AISI 409 simulated using
FactSage™ software
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formation which corresponds well to the micrographs of
Figures 26 and 28 where TiC was observed to have nucleated
on existing TiN precipitates. The formation of TiN consumes
Ti, which results in more C available for the formation of
Mj3Cs, also evident in Figure 33.

Figure 34 is a simulation (using Factsage™) of the
amounts of TiN and TiC that would form under equilibrium
cooling conditions for the chemical composition of the 4 mm
thick plate stated in Table III.

Heat flow modelling for non-equilibrium cooling after
welding

Using Rosenthal’s theory on moving point heat sources, it was
possible to model the heat flow of the weld thermal cycle of the
4 mm plate at the various heat inputs. A point was selected at
0.1 mm away from the fusion line at which to model the heat
flow, the point falls within the high temperature heat-affected
zone of each welded sample. Figure 35 shows the difference in
cooling rate resulting from the maximum and minimum heat
inputs used in this investigation.

Evident from Figure 35, as the heat input increases, the
cooling rate decreases. This allows more cooling time through
the temperature range where TiC precipitates, thus less M3Ce

Fe-Cr-C-Ti-N
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Figure 33—Phase stability diagram for AISI 409 simulated using
FactSage™ software at half the titanium content
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Figure 34—W1t% TiN and TiC at equilibrium cooling as a function of

cooling temperature simulated using FactSage™ software
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Sensitization behaviour of 11-12% Cr AISI 409 stainless steel

form on cooling. The slower cooling rate also allows more
time for Cr back-diffusion to the areas adjacent to grain
boundaries that have been depleted of Cr and passivity is
restored where the Cr content have dropped to such an extent
that passivity was lost.

By using Rosenthal’s theory in conjunction with the
phase stability diagrams simulated in FactSage™ the amount
of time spent on cooling in each phase stability region could
be estimated for each respective heat input weld. The
temperature range in which TiC is stable on cooling was
taken to be 750-1 150°C and that in which My3Cg is stable
was taken to be 550-925°C. This resulted in the two
respective curves of Figure 36.

Figure 36 shows that the time spent in the region where
M,3Cy precipitates is virtually double the time spent in the
region where TiC precipitates. The holding times in the region
where TiC becomes stable is evidently not enough for Ti to
successfully combine with all of the free carbon in the matrix
at fast cooling rates. Due to carbon’s rapid diffusion rate
through the matrix at elevated temperatures enough C atoms
pile up in the grain boundaries where Cr is removed from the
adjacent areas to form stable chromium carbides.
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Figure 35—Calculated temperature cycles experienced by the high
temperature heat-affected zone at a point located 100 pm from the
fusion line for heat inputs of 0.1 kd/mm and 1.0 kd/mm and plate of
thickness 4 mm
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Figure 36—Calculated amount of time spent in TiC and M23Cg stability
range on cooling after welding for samples 4 mm thick plate welded at
heat inputs ranging from 0.1 kJ/mm to 1.0 kd/mm
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Grain size estimation

The average grain size of the HTHAZ of each welded sample
of the 4 mm plate was determined over the range of heat
inputs using the Heyn Lineal Intercept Procedure. The
samples prepared for the measurement of grain size were
etched by submersion in a 50 ml HNO3, 50 ml HCL and 50 ml
water solution for 2 minutes.

Figure 37 shows the mean lineal intercept, or average
grain diameter, as a function of the heat input of welding. It
can be seen that as the heat input increases the average grain
diamater increases as a linear function of the heat input.
Indicated on Figure 37 is the per cent relative accuracy.

On welding AISI 409 at low heat inputs a compromise
needs to be reached between sensitization and the amount of
grain growth that can be tolerated. Figure 38 shows the
average grain boundary area within a volume of 1 mm3 of
the HTHAZ that was determined using Equation [4].

2
Sv = ; [4]
¢ being the mean lineal intercept.

Figure 38 indicates how, as heat input of welding
increases, the area occupied by sensitized grain boundaries
decreases. The grain boundary area is a direct function of the
average grain diameter and heat input. It also incorporates
the grain boundary area of the as-received and annealed
samples. There is a marked difference between the grain
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nwelded i : . ;
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Figure 37—Mean lineal intercept vs. heat input of welding
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Figure 38—Grain boundary surface area Sy (mm2) per unit volume
(1 mm3) of the HTHAZ as a function of the heat input of welding
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Sensitization behaviour of 11-12% Cr AISI 409 stainless steel

Table VI

Difference in corrosion, pitting, protection potentials and resistance to pitting corrosion between the as-received
and the welded plate in terms of the Ag/AgCl reference electrode

AEcorr (VAg/AgCI) AEpit (VAg/AgCI)

AEprot (VAg/AgCI) A(Epit - Eprot) (VAg/AgCI)

0.1 0.395

0.02 -0.33

boundary area of the unwelded (as-received) sample and the
grain boundary area of the sample welded at a heat input of
0.1 kj/mm.

Effect of sensitization on corosion characteristics

Corrosion tests were carried out on the as-received plate and
on a sample of the plate welded at 0.4 k]/mm. Table VI shows
the difference in corrosion, pitting and protection potentials
between the as-received and welded samples in terms of the
Ag/Ag(l reference electrode.

For the welded plate, pitting corrosion will start at a lower
potential than the unwelded plate, indicating the resistance to
pitting corrosion was reduced during welding with 0.395 V.
This gives an indication that the welded sample, which was
welded in the heat input range where sensitization appeared
prolifically, has comparatively poor corrosion characteristics.
This can directly be ascribed to the sensitization of the HAZ
of the weld.

Conclusions

AISI 409 sensitizes during low heat input welding. For a
plate thickness of 2 mm, sensitization occurs for heat inputs
of 0.1 to above 0.25 kJ/mm, and for 4 mm plate thickness in
the 0.2 to 0.9 k]/mm heat input range. Due to the faster
cooling rate of thicker sections the 4 mm steel experienced
sensitization over a much larger heat input range than the 2
mm steel. TiN is stable at temperatures below 1 500°C,
therefore there is a decrease in the availability of Ti to form
TiC and increased M,3Ce precipitation. Rapid cooling through
the TiC stability region limits the effectiveness of Ti
stabilization. HAZ grain size is directly proportional to the
heat input. Annealing at 725°C for 5 minutes does not
necessarily improve the sensitization characteristics of the
microstructure. After annealing, the weld bead was sensitised
and grain boundary ditching and grain dropping was still
evident in the heat-affected zone. Due to sensitization pitting
corrosion initiates at a lower potential in the welded sample
than in the unwelded plate and the resistance to pitting
corrosion is reduced during welding.
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