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ABSTRACT

Welding of austenitic Stainless Steel (SS) alloys can lead to the formation of carbide precipitates
at the grain boundaries and eventually cause the occurrence of chromium-depleted zones at the
boundaries, leading to a phenomenon known as sensitization. These sensitised grain boundaries
become the focus of intense corrosion when exposed to a corrosive medium. This paper, which is
one of a series, studied the thermokinetic impact on de-sensitisation of 304L SS weldments at
temperature thresholds of 1050, 1100 and 1150 (oC), soaking time of 2 hours and quenching in
different media (water, mineral oil and aqueous NaCl salt solutions). Bruemmer’s model on de-
sensitisation was modified to determine the soaking duration during heat treatment. The alloy
specimens were subjected to a single cycle thermomechanical processing to achieve the desired
microstructure with Coincident Space Lattice (CSL). Optical microscopy of the resultant
microstructures was adopted for the study. The results showed 304L SS weldments to be
effectively de-sensitised at temperature variable threshold of 1150oC and water quenched. All the
specimens quenched in mineral oil did not manifest de-sensitisation at room temperature (about
33oC). It was also found that at 1150oC, diffusion of Cr was thermally aided making de-
sensitisation fast.

Keywords: AISI 304L SS weldments, Thermokinetics, Quenching medium, De-sensitisation,
Microstructure

Abbreviations

INTRODUCTION
The term sensitization refers to the presence of a
Cr-depleted region in the matrix adjacent to Cr-
rich carbides and not simply the presence of the
carbides themselves (Avesta, 1999; Sedrika,
2008). Grain boundary Cr-depleted regions

form during carbide precipitation due to the
large difference in diffusion rates of chromium
and carbon in austenite as seen during welding
or isothermal heat treatment. The process is the
combination of chromium with carbon to form
chromium carbide precipitates at the grain

AISI           American Iron and Steel Institute
ASM          American Society for Metals
As-Rec As Received
ASTM        American Society for Testing and Materials
AWS          American Welding Society
BM Base Metal
DCEP         Direct Current Electrode Positive
HAZ           Heat Affected Zone
NACE        National Association of Corrosion Engineers
NaCl Sodium Chloride
WPS Welding Procedure Specification
WM Weld Metal
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boundaries, thus depleting the corrosion-
resistant, free chromium at or adjacent to the
grain boundaries (Sahlaoui et al., 2002). This
makes the area along the grain boundaries to be
prone to corrosion in severe environments
(Mayo, 1997; Kozuh et al., 2007). Sensitisation
when it occurs in a weldment and leads to the
preferential corrosion attacks along the grain
boundaries is called weld decay (Bruemmer,
1990a; Cihal, 2002).  Corrosion of SS welded
sections (pipelines, pump impellers, pipe
elbows, extraction towers, heat exchanger
kettles, machine components, etc) as a result of
sensitisation has long been occurring in the
industry (Brautigam, 1999; Dave, et al., 2004;
Arioke, et al., 2006).

A number of works analytical and experimental
have been done to understand and predict the
mechanism of sensitization. Eheng and Bogaerts
(2004) in  their study of Effects of Sensitization
Heat Treatment on Stress Corrosion Cracking of
Type 316L Stainless Steel in Hot Lithium
Hydroxide solution found that no remarkable
differences could be identified in the anodic
polarization behavior of the solution-annealed
and the sensitized steels when using the cyclic
polarization technique. Atanda et al. (2010)
studied Sensitisation of Normalized 316L SS.
Among the findings include the facts that 316L
SS was observed to go into sensitization when
heated to 950oC and soaked for 30 minutes. De-
sensitization was observed to be in progress at 1
and 2 hrs soaking time. By 8 hrs there was full
de-sensitization of 316L SS. Iwuoha et al.
(2012) studied Susceptibility of As-Welded and
Solution-Annealed AISI 304 (UNS J92600) SS
Weldments to Weld Decay and Pitting
Corrosion in Natural Gas Liquids (NGLs). They
found among other facts that solution annealing
of AISI 304 weldments (at 750oC and soaked
for 5 hours) achieved resistance to weld decay
(intercrystalline corrosion) and reduced the
susceptibility to pitting corrosion in NGLs
medium.

The aim of this work is to study the de-
sensitisation effects of thermokinetics and
engineered grain boundary on sensitised type
304L SS weldments.

METHODOLOGY
Stainless steel type 304L was sourced
commercially; the result of the chemical
composition analysis of the sourced 304L SS
material is shown in Table 1. Fig. 1 is the
optical microstructure (as-received condition) of
the material.

Table 1: Chemical Compositions of AISI
304L SS and the Weld Filler Material

Element

AISI 304L
SS

Material
(% by

weight)

AISI 304L
SMAW

Weld Filler
Material

(% by
weight)

C 0.03 0.028
Cr 19.50 19.00
Ni 11.50 11.50
Mn 2.00 1.95
Si 1.00 1.15

Mo 0.00 0.00
P 0.045 0.04
S 0.03 0.005
Fe Remainder Remainder

The alloy steel was cut into one hundred and
twenty (120) pieces of 100 x 100 x 7.75 mm.

Fig. 1: Optical microstructure of as-received 304L SS. X10.

Fig. 1: Optical microstructure of as receive 304L SS. X10
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The cut pieces were paired into abutting single
V-groove joints and welded by shielded metal
arc welding (SMAW) process. Sixty (60)
welded pairs were so produced. SS welding
electrodes containing 0.028% carbon content by
mass fraction was used for the welding. The
electrode was selected based on American
Welding Society (AWS) specification AWS
A5.4, A5.9 and A5.22 after determination of the
chemical composition of the commercially
sourced stainless steel. The chemical
composition of the welding electrodes is also
shown in Table 1. Table 2 shows details of the
welding conditions based on AWS B2.1 (2004):
Standard for Welding Procedure and
Performance Qualification. All welded
specimens were chemically cleaned in 10%
HCl-methanol mixture to remove slag particles
trapped in the weldments (Davies and Oelmann,
2003).

Table 2: Specimens Welding Conditions
Welding Parameter Setting
Welding process Shielded Metal Arc Welding

(SMAW)
Welding technique Direct Current Electrode

Positive (DCEP)
Welding position Horizontal-Right
Joint configuration Single V, 60o, 2 mm Root Face
Electrode movement No Weaving
Metal transfer
technique

Gravity Transfer

Root opening 1.0 mm
Electrode type E308L (AWS A5.4, A5.9 and

A5.22)
Electrode diameter 5 mm
Arc voltage 25 V
Welding current 150 A
Baking temperature 180 oC for 1 hour.
Inter-bead
temperature

150 – 200 oC

Number of beads 4

De-sensitisation Temperature Determination
Maximum temperature where carbide formation
has been reported is modeled as in eqn. 1
(Bruemmer, 2006):( . )= 5500 (2.92 − 0.01 % − ln % ) (1)

where:
Wt% Ni = Weight per cent nickel content, and
Wt% C = Weight per cent carbon content.

Theoretically, beyond this temperature, de-
sensitisation sets in (Cihal, 2002; Bruemmer,
2006).

From the results of the elemental composition
analysis (Table 1):
Wt% Ni = 11.5 and
Wt% C = 0.03.

Plugging in these values into eqn. 1, we have:

, ( . )= 5500 (2.92 − 0.01 11.5 − ln 0.03)
, = 871.36 deg.

From previous works, Hooi Too (2002; Iwuoha
et al., 2012) and because the mathematical
models were based on assumptions and
extrapolations Bruemmer (2006), the following
temperatures: 1050, 1100 and 1150 (oC) were
selected for the experiment.

De-sensitisation Time
Stawstrom and Hillert, (1969) had considered
that the sensitization process was completed
prior to desensitization, and, using chromium
mass balance came up with a mechanistic model
for time for desensitization (tDS). Bruemmer
(1990a) after evaluating other models
(Sinigaglia et al., 1982) incorporated data
obtained from empirical studies and modified
Stawstrom and Hillert model as in eqn. 2.

= 1 − 0.13 (2)
where:
a is the grain size (empirically determined
dimension),
Xc is initial carbon content,
XCr is initial chromium content, and
DCr is the diffusion coefficient of chromium.
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From the analysis, a soaking duration of two (2)
hours was considered sufficient. The welded
specimens were subjected to heat treatment in a
furnace of nitrogen gas protected atmosphere as
per the following variables:

1.   1050, 1100, 1150 (oC), soaked for 2 hrs,
quenched in water.

2.   1050, 1100, 1150 (oC), soaked for 2 hrs,
quenched in mineral oil.

3.   1050, 1100, 1150 (oC), soaked for 2 hrs,
quenched in weak aqueous salt solution.

4.   1150 (oC), soaked for 2 hrs, quenched in sea
water (4% salt concentration) and in
synthetic sea water (8% salt concentration).

The physical properties of the motor (gas
engine) mineral lubrication oil used as
quenchant are shown in Table 3.

Table 3: Results of Analysis of Motor (Gas
Engine) Lubrication Oil used as Quenchant

Brand Gas Engine
Lubrication Oil

used as Quenchant
(Shell Mysella R40)

Initial Boiling
Point oC > 280

Vapour Pressure
Pa @ 20 oC < 0.50

Mass Density @
15 oC kg / l 0.892

Vapour Density
(air =1) @ 20 oC > 1.0

Auto-Ignition
Temperature oC > 320

Solubility in Water Negligible
Stability Stable

Source: Shell International Petroleum Co. Ltd., (2004), A
Guide to Shell Lubricants, Lubricants Technical Affairs,
Shell Centre, London.

Engineered Grain Boundary
The welded and heat treated specimens were
subjected to a measure of strain (about 10 %

reduction in thickness by cold rolling). This was
done to introduce new space lattice sites
(Coincident Space Lattice) within the existing
grain boundaries (Gottstein and Shvindlerman,
1999; Sekine et al., 2008). Thereafter, the
specimens were heated to 450oC in a furnace of
nitrogen gas atmosphere and cooled in free air
of about 33oC.

Micrography
Specimens were cut from the steel material
according to the conditioned process. The
cutting was made to reveal the weld metal.
Specimens were also cut from the as-received,
un-welded 304L SS. All test specimens were
ground roughly and finely with abrasives of
320, 400 and 600 grits corresponding to particle
sizes of the silicon carbide of 33, 23 and 17
microns respectively. Final polishing was done
with the gamma form of alumina (Al2O3)
powder (particle size = 0.05 micron). Etching
was done with 3% by volume of solution of
nitric acid in methanol at 30 seconds for each
specimen. The specimens were studied under
Leitz optical microscope and the images
captured.

RESULTS AND DISCUSSION

Fig. 2: Optical microstructure of 304L SS HAZ. Cr carbide
precipitates show as black areas at the grain boundaries.x200
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Fig. 3: Optical microstructure of 304L SS HAZ showing
Cr carbide precipitates (black areas) at grain boundaries.

Fig. 4: Optical microstructure of 304L SS HAZ. Heated 1050
deg. C, water quenched and grain boundary engineered. Black
areas are Cr carbide precipitates at grain boundaries. X100.

Fig. 9: Optical microstructure of 304L SS HAZ. Heated
1150 deg. C, water quenched and GB engineered. Cr carbides
effectively dissolved and grain boundaries not sensitized.

Fig. 10: Optical microstructure of 304L SS HAZ. Heated 1150
deg. C, mineral oil quenched and GB engineered. Cr carbides
still present in grain boundaries. GB still sensitized. X150.

Fig. 8: Optical microstructure of 304L SS HAZ. Heated 1100 deg
C, mineral oil quenched and GB engineered. Microstructure shows
rolling direction, Cr carbides present as black strips. X50.

Fig. 7: Optical microstructure of 304L SS HAZ.
Heated 1100 deg. C, water quenched and GB engineered.
Cr carbides at GB sites. GB is sensitized. X150.

Fig. 5: Optical microstructure of 304L SS HAZ. Heated 1050
deg. C, mineral oil quenched and GB engineered. Cr carbide
precipitates still present in grain boundaries. X250.

Fig. 6: Optical microstructure of 304L SS HAZ. Heated 1050 deg C,
aqueous salt solution (2%) quenched and GB engineered.
Microstructure is homogeneous with undefined effects at grain boundaries,
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Heated 1050oC, Quenched and Engineered
GB
The microstructure of as-received 304L SS (Fig.
1) is mainly austenitic with some retained
ferrite, even grained, clear grain boundaries i.e.
without Cr23C6 precipitate trapped. Fig. 2 and
Fig. 3 are the optical microstructures of HAZ of
304L weldments. The black regions are
identified as Cr23C6 or (CrFe)23C6 precipitates
along the grain boundaries, these precipitates
widened the GB borders (Sekine et al., 2008).
The precipitates in Fig. 2 are segregated while
those in Fig. 3 are even in distribution; as
equally noted by Sahlaoui et al., (2002) in their
work on prediction of chromium depleted-zone
evolution during aging of Ni-Cr-Fe alloys.

Fig. 4 is the optical microstructure of HAZ of
304L weldment, heated 1050oC, water quenched
and engineered grain boundaries.  Fig. 5 is the
optical microstructure of HAZ of 304L
weldment, heated 1050oC, mineral oil quenched
and engineered grain boundaries. Fig. 6 is the
optical microstructure of HAZ of 304L
weldments, heated 1050oC, 2% NaCl salt
solution quenched and engineered grain
boundaries. All the microstructures from
1050oC heat treatment and quenched in different
media showed sensitised grain boundaries,
especially those quenched in mineral oil; the
effect as revealed in Fig. 6 is not very defined.
A common feature is a homogeneous structure,
with some delta-ferrite stringers in line with the

rolling direction of the plate. The black regions
represent areas of Cr depletion caused by
presence of Cr carbides; these regions are also
areas of corrosion resistance weakness
(Bruemmer, 1990b; De Abreu et al., 2006).

Heated 1100oC, Quenched and Engineered
GB
For water quenched specimens, Fig. 7 is one of
the HAZ microstructures obtained. The GBs of
the HAZ remained sensitised. The borders
housing the precipitates are not as broad as
obtained in the lower temperature case. The
specimens for mineral oil quenched have
microstructures represented in Fig. 8. Cr
carbides segregated at the grain boundaries
assume a columnar shape reminiscent of the
rolling direction subjected the specimens during
10% thickness reduction before annealing
treatment (Dománková et al., 2006). The
microstructures for 2% NaCl salt solution
quenched reveal similar microstructural
constitution as those of water quenched.

The microstructures in this temperature case are
still austenitic but not ferrite-free (Mayo, 1997),
the transformations that have occurred – some
of which are micromartensitic - have reduced
the quantity of austenite and introduced thermal
stress during rapid cooling.

Heated 1150oC, Quenched and Engineered
GB
Fig. 9 is the HAZ optical microstructure that
was processed through water quenching and
engineered grain boundary. A fine
microstructure is evident, very narrow grain
borders indicative that there are no impurities
such as chromium/molybdenum carbides
trapped in them (Sekine et al., 2008). The
carbides earlier trapped in the boundaries could
be argued to have effectively gone into solution
in the solid state (by dissolution) during heat
treatment and were held in that state by the
steep temperature gradient at rapid cooling

Fig. 11: Optical microstructure of 304L SS HAZ. Heated
1150 deg. C, aqueous salt solution (2%) quenched and GB
engineered. Cr carbides at GB were effectively dissolved;
GB is free from sensitization. x200.
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(Kozuh et al., 2007). The specimens for mineral
oil quenched have microstructures represented
in Fig. 10. The microstructure for 2% NaCl salt
solution quenched represented in Fig. 11 reveals
similar microstructural formation indicative of
GB that is free from sensitization and not likely
to yield to weld decay in service (Hooi Too,
2002). In this temperature case, specimens
cooled quickly enough, have in their
microstructures “quenched” austenite and delta-
ferrite (Fontena and Stachle, [eds.], 2005). The
resultant matrix has Cr in the grain borders in
solid solution, free to form passivating complex
compound when exposed to corrosive medium.
According to some researchers (Van Warmelo
et al., 2007; Iwuoha et al., 2012), retained ferrite
has no effect on pitting susceptibility, though it
is well established that this phase encourages
the dissolution of carbon.

Heated 1150oC, Natural Sea Water (4% Salt
Concentration) and Synthetic Sea Water (8%
Salt Concentration) Quenched; Engineered
GB
The optical microstructures of specimens
quenched in natural sea water did not show
improvements on those quenched in 2% NaCl
salt concentration water solution. 8% NaCl salt
concentration water solution (synthetic sea
water) turned out to be a further negative
departure from the gains made when quenched
in 2% salt aqueous solution.

CONCLUSIONS
1. The temperature thresholds of 1050, 1100

and 1150 (oC), mineral oil quenched in
addition to engineered GB did not achieve
the desired de-sensitisation of the GBs.

2. The temperature thresholds of 1050, 1100
(oC), salt water (2%, 4% and 8%
concentration) quenched, in addition to
engineered GB did little to achieve de-
sensitisation of the GBs, there were presence
of segregants like chromium and
molybdenum carbides along GBs. In
particular, the higher the salt concentration,
the lower the de-sensitisation achieved.

3. The temperature thresholds of 1050 and
1100 (oC), water quenched in addition to

engineered GB did not achieve de-
sensitisation of the GBs.

4. The temperature threshold of 1150oC, water
quenched in addition to engineered GB
effectively achieved a very high fraction or
volume of de-sensitised GB microstructures,
hence the weldments showed
microstructures free from sensitized grain
boundaries.
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