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SS 304L is widely used as a structural material in applications handling nitric acid such as nuclear fuel
processing plants and nuclear waste management facilities. Bar, wire, and tubular products of this material
are especially susceptible to end-grain corrosion in nitric acid environment. Such an attack takes place on
the tubular and forged surfaces that are perpendicular to the hot-working direction and occurs as localized
pitting type attack. This study shows that the possible reasons for the directional nature of end-grain attack
are the manganese sulfide inclusions aligned along the hot-working direction and/or segregation of chro-
mium along the flow lines during the fabrication stage itself. It has been shown in this study that controlled
solution annealing, laser surface remelting, and weld overlay can be used to avoid/minimize end-grain
corrosion. Different annealing heat-treatments were carried out on two heats of SS 304L tube and sus-
ceptibility to corrosion was measured by ASTM A 262 practice C and electrochemical potentiokinetic
reactivation (EPR) test. Solution annealing at 950 �C for 90 min has been shown to increase the resistance
to end-grain corrosion. Laser surface remelting using continuous wave CO2 laser under argon shield and
weld deposition (overlay) using SS 308L material were done on the end faces of the tubes. These samples
were completely resistant to end-grain corrosion in nitric acid environments.

Keywords austenitic stainless steel, end-grain corrosion, laser
surface remelting, nitric acid service, weld overlay

1. Introduction

Austenitic stainless steels are extensively used in nuclear,
chemical, and other industries due to their unique combination of
corrosion resistance, fabricability, weldability, and mechanical
properties. Although these steels have good resistance to general
corrosion owing to the formation of a thin chromium rich passive
surface film (Ref 1-3), they are susceptible to localized corrosion
attack such as pitting, intergranular corrosion (IGC), and stress
corrosion cracking. These stainless steels are prone to sensiti-
zation—a process by which chromium carbides form at grain
boundaries with adjacent regions depleted of chromium (Ref 1-
3). This happens at the temperature range of 500-850 �C such as
during welding. Sensitization is the basic reason for IGC and
intergranular stress corrosion cracking (IGSCC). One of the
methods to overcome sensitization in austenitic stainless steels is
to lower the carbon content below 0.02 wt.% (Ref 1-2). Low-
carbon grade stainless steel (SS) 304L is one of the structural
materials particularly suited to nitric acid environments. It has
been shown that apart from carbon content, chromium, and
nickel content of the stainless steel determines its susceptibility
to sensitization and IGC (Ref 4). The nuclear fuel processing

plants and nuclear waste management facilities use nitric acid of
varying concentrations and at temperatures up to 110 �C. The
process equipments, pipings, and components for these facilities
are made up of mainly SS 304L materials.

The IGC of stainless steels in nitric acid environments due
to sensitization (as a result of welding during fabrication) can
be minimized (Ref 5-8) by use of sensitization resistant
materials, e.g., Nitric Acid Grade (NAG) stainless steel. The
very low-carbon grade of SS 304L is also susceptible to
corrosion attack in nitric acid environment in highly oxidizing
conditions generated either by high temperatures or in the
presence of dissolved corrosion products such as Fe+3 and
CrO4

2- ions. These high-valence oxidizing ions may be
accumulated due to the uniform corrosion of stainless steel
tanks used for the storage of nitric acid over a long-period of
time. Another form of corrosion to which particularly bar, wire,
and tubular products of stainless steels are susceptible to attack
in nitric acid environment, is end-grain corrosion. It takes place
on the tubular and forged surfaces that are perpendicular to hot-
working direction and occurs as localized pitting like attack that
develop along the hot-working direction and finally the
corrosion occurs as intergranular attack (Ref 5, 7-10). It has
been identified (Ref 8) as a major form of corrosion in those
components in which cross-sectional surfaces are exposed to
the oxidizing process fluid. In reprocessing plants that use
sensitization resistant stainless steels (L grade or NAG grade
stainless steels), end-grain corrosion is shown to be a major
degradation mode in components such as instrument tubing and
tube to tube sheet welds. Forgings and set in pipe branches are
also reported (Ref 7) to be affected by end-grain corrosion.
Exposure studies done in a dissolver in a reprocessing plant (in
vapor phase) showed very heavy corrosion rates of 0.2-0.6 mm/
year even for NAG grade of stainless steel and this was
attributed mainly to end-grain corrosion (Ref 7).
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The directional nature of end-grain attack has been
explained by the dissolution of aligned sulfide inclusions along
the hot-working direction (Ref 5-11). Segregation of phospho-
rous, chromium and silicon along the flow lines during the
fabrication stage is another mechanism for end-grain corrosion
(Ref 5, 9-13). The end-grain corrosion of a material is related to
the defect in manufacturing and processing stage such as a
high-inclusion content in the material or use of an improper
solution annealing heat treatment. Instead of discarding these
defective materials against end-grain corrosion, some suitable
methods can be used to avoid or minimize such type of attack.
These methods may include solution annealing to homogenize
the chemical composition, laser surface remelting of the end
faces, surface alloying by melting additional chromium or
molybdenum on the surface layer, cladding with SS 310 (Ref
11), weld deposition with SS 308L or welding a better quality
material of the same grade on the end faces. Jeng et al. (Ref 11)
has shown that laser surface remelting effectively prevents the
continued propagation of end-grain corrosion in SS 347
exposed to nitric acid. Laser melting also eliminates the
sensitization in the surface layer of SS 304L and also prevents
the continuation of intergranular attack by nitric acid on
previously corroded surfaces. In an early work of Stewart et al.
(Ref 12), it has been shown that the laser surface melting
markedly improves the pitting resistance of type 304L stainless
steel. Laser surface remelting on the surface layer of the
sensitized SS 321 has also been shown to improve the
resistance to pitting and IGC (Ref 13).

There is limited literature available on the exact reason or
mechanism for the occurrence of end-grain corrosion in
austenitic stainless steels. In this study, we have investigated
the possible reasons for end-grain attack in SS 304L pipes and
different methods to minimize or avoid this type of attack.
Controlled solution annealing, laser surface remelting and weld
deposition of SS 308L over the end faces of tubes are the three
remedial methods that were used.

2. Experimental Procedures

2.1 Materials and Heat Treatment

Two heats of SS 304L material numbered A (low carbon)
and B (medium carbon) were studied. Both the heats were in
pipe form, O.D. 33.4 mm, and wall thickness 3.05 mm. The
chemical compositions of both the heats are given in Table 1.
These materials were in the solution-annealed condition and
showed step structure. Samples of dimension 15 mm width and
10 mm length were cut from the pipes of heat A and B and
sealed separately in quartz tubes under argon atmosphere at
0.1 mm Hg pressure. These sealed samples were subjected to
solution annealing heat treatment at 950 �C for 30 and 90 min,
respectively, and at 1000 �C for 30 min followed by water
quenching.

2.2 Microstructural Characterization

The microstructures of both the heats of SS 304L samples
were examined using an optical microscope after electrochem-
ical etching in oxalic acid according to ASTM A 262 practice A
(Ref 14). The microstructures were examined on both the
longitudinal and transverse sections of the samples.

2.3 Single Loop Electrochemical Potentiokinetic
Reactivation Test

The single loop electrochemical potentiokinetic reactivation
test (SL-EPR) (Ref 15, 16) was conducted to assess the degree
of sensitization (DOS) of stainless steels. The test was carried
out in a solution of 0.5 M H2SO4 + 0.01 M KSCN (deaerated)
at room temperature. After holding the specimen in the passive
region at +200 mV (SCE) for 2 min, the electrochemical
potential was reverse scanned to the open circuit potential at a
scan rate of 100 mV/min. The Pa value of the specimen was
taken as a measure of DOS which was calculated by the
formula:

Pa ¼ Q=GBA,

where Q = total charge for the reactivation loop (in Coulombs),
GBA: grain boundary area = As · 5.0954 · 10-3 exp(0.3469X),
As = Specimen area (in cm2), and X = ASTM grain-size
number as per A 112.

2.4 Laser Treatment

Rings of length 20 mm were cut from both the pipes. Laser
surface remelting was conducted on both the end faces of these
rings using continuous wave CO2 laser under argon shield.
About 1 mm thickness of the material on each end face was
melted using the laser. Trials were made with different laser
powers and velocities. Based on examination of the laser
surface-melted surfaces, an optimum laser power and velocity
were selected that did not result in surface cracks on the
remelted regions. Therefore, the laser beam power and its
velocity were maintained at 2.4 kWand 9.4 mm/s, respectively.
To examine the microstructure of the laser-remelted samples,
the ring was cut and the longitudinal section was polished and
etched in 10% oxalic acid solution.

2.5 Weld Overlay

A ring of length 15 mm was cut from the pipe of heat A.
Weld deposition of about 1 mm depth was carried out on
both the end faces of the ring sample using weld filler
material SS 308L (composition in wt.%: C-0.03, Cr: 19.5-
22.0, Ni: 9.0-11.0, Mn: 0.25-0.6, Si: 0.3, S: 0.03, P: 0.03,
single values indicate maximum values). The microstructure
of the weld deposited sample was obtained after examining
the longitudinal section of the ring. The voltage and current
during the welding process were monitored and were 18 V
and 70 A.

Table 1 Chemical composition (wt.%) of 304L stainless steel

Heat code C Si Mn P S Ni Cr

A 0.015 0.51 1.59 0.03 0.02 11.23 19.07
B 0.030 0.45 1.40 0.03 0.02 11.08 18.50
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2.6 Ferrite Meter Measurement

The d-ferrite formed after laser surface remelting of the
samples was measured by a ferrite meter. The conversion from
the ferrite number measured from the ferrite meter to percent-
age ferrite (magnetic phase) was done using the calibration
curve for the ferrite meter. Since the only magnetic phase that
forms in 304 type of stainless steel after melting is d-ferrite, the
ferrite meter readings were taken as a measure of d-ferrite
formed in the material after laser remelting.

2.7 IGC Test

The ASTM A 262 practice C (Huey) test (Ref 14) was used
to assess the susceptibility of the material to IGC. The test was
carried out for five successive periods (each period of 48 h
duration) in boiling 65% HNO3. For the as-received material
(heat B), the test was stopped after three periods because the
corrosion rate was quite high. Three samples were tested for
each heat-treated condition and the corrosion rate after the test
was expressed as the average value of the three samples. ASTM
specifies that for products showing end-grain pitting (e.g., bar,
wire, and tubular products); the sample should be proportioned
such that the area of exposed cross-section should not exceed
half the total exposed area of the sample. The sample size was
taken such that the cross-sectional (transverse) area was 20% of
the total surface area. The IGC tests were also done on the
laser-treated and weld deposit materials. For the laser-treated
materials, samples of size 30 mm width were cut from both the
rings of heats A and B, while for the weld deposit ring of heat
A sample width size was 20 mm. In these cases, the cross-
sectional area was 15% of the total exposed surface area. In
order to identify the attack after exposure to the practice C test,
the longitudinal section of the samples were mounted, polished
and electroetched in 10% oxalic acid solution for a few
seconds.

2.8 SEM-EDS Analysis

The corrosion attack after practice C was also observed
using SEM. The inclusions present in the materials were
chemically analyzed using SEM-EDS by taking line scans for
different elements (Fe, Cr, Mn, S, and O) across the inclusion.
In order to check whether flow lines are responsible for the
intergranular attack, EDS analysis was performed by taking Fe,
Cr, Si, and P line scans from the matrix to a point within the
flow lines.

3. Results and Discussions

Both the heats of the as-received pipes were in the solution-
annealed form. The microstructure after electrochemical etch-
ing in oxalic acid showed a step structure according to the
classification of microstructures described in A262, practice A
of ASTM (i.e., no chromium carbide precipitation or chromium
depletion regions at grain boundaries). The microstructures
obtained from the longitudinal and transverse sections (or end
face) of heat B are shown in Fig. 1. Heat A also showed similar
microstructure and the ASTM grain-size number was 6. The
microstructure in the longitudinal section showed numerous
small, dark, elongated stringers along the direction of cold
working. This indicates the presence of inclusions, which are
aligned along the direction of cold working and are of thin,
stringer type. Apart from the inclusions, heavy flow lines are
also visible in the material, which are again running along the
direction of working. Generally, these heavy flow lines are
present in the material when the solution annealing is not
properly carried out. However, in the transverse section heavy
end-grain pitting was observed in both the heats A and B. The
end-grain pits are easily distinguished from etch pits by its total
black appearance (Ref 14).

Figure 2a shows the inclusion in heat B across which the
line scans of different elements was done using EDS in an
SEM. The corresponding line scans for Fe, Cr, Mn, and S are
shown in Fig. 2b. Since, variation in oxygen was not detected
across the inclusion; its line scan has not been included in the
figure. It can be seen from the result that the inclusions contain
mainly Mn and S, hence these inclusions were manganese
sulfide type inclusions.

Single loop EPR tests were carried out to quantitatively
measure the degree of sensitization. The tests were done on
both the longitudinal and transverse sections. Figure 3 shows
the single loop EPR reactivation curves for both the heats (A
and B) and the Pa value for the respective samples are also
indicated. The EPR reactivation loops were much bigger for the
transverse section compared to the longitudinal section for both
the heats. The same is true for the Pa values, thus clearly
indicating high-DOS or heavy corrosion attack in the transverse
section. Although the samples had a ‘‘step’’ microstructure, i.e.,
no sensitization in the grain boundary area, nevertheless the Pa

value for heat A (which is ~6) and for heat B (which is ~20)
was very high which are comparable to that for the ditch
structure of an austenitic stainless steel (Pa value > 5) (Ref 16).
This is due to the morphology of heavy stringers type of

Fig. 1 Microstructure of as-received sample of heat B in the (a) longitudinal section and (b) transverse section after ASTM A 262 practice A

Journal of Materials Engineering and Performance Volume 17(1) February 2008—117



inclusions present in the material. The stringer type inclusions
extend deep into the transverse section and get dissolved from
the transverse or end faces causing corrosion attack in the base
metal in contact with the corrosive solution present inside the
grooves. In the case of longitudinal section, the inclusions are
only 2-3 lm deep. Even if the inclusions are dissolved during
the EPR test, it does not initiate any corrosion attack in the base
metal and hence very low Pa value was observed. It should be
emphasized that though the Pa values measured from the EPR
test are high, the reactivation current is mainly from the
dissolution of inclusions and not due to sensitization.

One of the methods that have been used in the present study
to control/minimize the end-grain corrosion was solution
annealing of the material. Solution annealing is known to
homogenize the structure of the material. Therefore, it should
minimize the end-grain corrosion of the material occurring due
to chemical inhomogenity. The temperature and time for the
heat treatment was selected to minimize grain growth while
permitting elemental diffusion to take place for homogenization
of elemental segregation at flow lines. Three different solution
annealing heat treatments were done on the samples of heat A.
The susceptibility to IGC of these heat-treated samples together
with the as-received sample was carried out by ASTM A 262
practice C. The value of IGC rate (in mils per year (mpy) and in

mm/year) of each sample after five periods of practice C is
shown in Fig. 4. After the test, the longitudinal section of each
samples were examined under optical microscope in both as-
polished and etched condition and the microstructures are
shown in Fig. 5. The normally acceptable corrosion rate for
304L material in annealed condition is 0.457 mm/year (Ref
17). The IGC rate for the as-received sample (1.858 mm/year)
was the highest, which is well above the acceptable limit. The
microstructure after the test shows a number of pitting type of
attack starting from the transverse or end face of the sample and
advancing deep into the base metal. Since the area at the end
face is attacked for longer duration, the corrosion attack is more
severe or wide at the end faces. At the farthest point from the
end faces, the attack is the least (narrow) and its intergranular
nature is clearly evident. The heat treatment at 950 �C for
30 min does not improve the resistance to end-grain corrosion
and the corrosion rate (1.718 mm/year) is almost same as that
of the as-received material. The heat treatment at 1000 �C for
30 min leads to substantial decrease in the corrosion rate of the
sample in practice C, the corrosion rate (0.783 mm/year) is
almost half to that of the as-received material. However, the
corrosion rate is still above the acceptable limit for the annealed
material. The microstructures of both the above heat-treated
samples showed the same type of corrosion attack as observed

Fig. 2 The as-received sample of heat B showing (a) the inclusion across which the line scans were done and (b) the corresponding line scans
of Fe, Cr, Mn, and S showing the high counts of Mn and S in the inclusion

Fig. 3 The single loop EPR curves of as-received samples of (a) heat A and (b) heat B on both the longitudinal and transverse (cross) sections
showing higher-reactivation loop for the transverse sections. The Pa value (C/cm2) of each sample is also indicated. CS indicates cross section
and LS indicates longitudinal section
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in the as-received condition after practice C, and is shown in
Fig. 5. It is clear from Fig. 5 that the corrosion is intergranular
in a nitric acid environment. The attack had started from the end
faces and is intergranular despite absence of sensitization at
grain boundaries. The sample heat-treated at 950 �C for 90 min
showed drastic decrease in the corrosion rate (0.439 mm/year),
which is also below the acceptable limit. There was no increase
in the grain-size of the material after the heat treatments at
950 �C for either 30 or 90 min and the ASTM grain-size
number was same as that of the as-received material (equal to
six). However, for the sample heat-treated at 1000 �C for
30 min the ASTM grain-size number has increased to five.

In practice C, chromium-depleted areas, chromium carbide,
and non-metallic inclusions are attacked. Since the microstruc-
ture of the as-received sample of heat A did not show any
carbide precipitation at the grain boundary, the high-corrosion
rate observed in practice C is attributed to the presence of
elongated MnS inclusions and/or segregation of certain ele-
ments such as Cr, Si, and P along the flow lines. No oxide layer
exists between the sulfide inclusion and the metal matrix.
Therefore, dissolution of stringer types of sulfide inclusions
takes place from the exposed end (cross-sectional) faces. This
causes accumulation of Cr+6 ions in the cavities that formed
due to dissolution of inclusions (Ref 10), as-well-as a fresh
metal surface are exposed to the corrosive environment. This
makes the environment within the dissolved inclusions even
more aggressive and the high-energy grain boundaries start
corroding leading to IGC (Ref 10). However, chromium
depletion caused by segregation of chromium along flow lines
also leads to such heavy attack. Therefore, initiation of
corrosion is due to dissolution of inclusions but the propagation
is accelerated by manufacturing related flow lines and chro-
mium segregation along it. This form of corrosion occurs
specifically in a strongly oxidizing environment. The depletion
of chromium around the inclusions may be the other reason for
enhanced attack observed in practice C. It has been reported
recently (Ref 18) that sulfide inclusions may have a thin layer
of chromium depletion around them and that is responsible for
the pitting attack in stainless steels. However, this finding has
not been confirmed by other studies (Ref 19) and remains to be
proven.

The solution annealing heat treatment at 950 �C for 90 min
improved the resistance to end-grain corrosion of heat A
without any increase in the grain-size of the material. To
confirm this result, the same heat treatment was done on the
sample of heat B and the susceptibility to IGC was compared
with that of the as-received sample after ASTM A 262 practice
C. The results of practice C are shown in Table 2. The IGC rate

Fig. 4 Corrosion rate of heat A in different heat-treated conditions
as per ASTM A 262 practice C. The corrosion rates are in mpy
(mils per year) and mm/year on the left and right Y-axis, respectively

Fig. 5 The microstructure in the longitudinal section of heat A after practice C in the (a) as-received, (b) 950 �C/30 min, and (c) 1000 �C/
30 min condition showing corrosion attack starting at the end face which leads to intergranular corrosion
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for the as-received material was very high and the test was
stopped after three periods. Again this high-corrosion rate
observed for the as-received sample of heat B after practice C is
due to the presence of heavy inclusions and flow lines present
in the material. Figure 6a shows the longitudinal section of the
as-received sample of heat A after practice C. Heavy corrosion
attack can be seen starting from the end faces of the sample and
leading to IGC, which is similar to the attack observed for
samples of heat A. Figure 6b also shows the SEM micrograph
of the same attacked area, which clearly shows the falling of
grains after practice C. For the heat-treated sample at 950 �C
for 90 min, the corrosion rate after practice C was found to be
very low (0.246 mm/year). The observed corrosion rate is well
below the acceptable limit of 0.457 mm/year for solution-
annealed material. The microstructure of the heat-treated
sample did not show any corrosion attack after the test.

To confirm whether homogenization of different elements
(such as Cr, Si, P, etc.) in the flow line regions are responsible
for improved resistance to end-grain corrosion, line scans of Cr,
Fe, Si, and P were performed across the flow lines on the as-
received and 950 �C/90 min heat-treated samples of heat B
after ASTM A 262 practice C. The results are shown in Fig. 7
for the as-received sample and Fig. 8 for the heat-treated
sample at 950 �C for 90 min. The line profiles in Fig. 7 show
the distribution of Cr, Si, and P along the flow lines in the as-
received material. Although, the exact Cr concentration within
the flow lines, could not be measured, a variation in chromium
concentration could be detected across the flow lines (Fig. 7).
The variation in Cr, Si, and P for the heat-treated sample
(Fig. 8) was much less compared to that for the as-received
sample (Fig. 7). This is due to the homogenization of elements
taking place at the higher temperature due to faster diffusion.
Thus solution annealing at 950 �C for 90 min is an effective
method to minimize the end-grain corrosion of austenitic
stainless steels. This solution annealing does not change the
number of inclusions present in the material; however, it

increases the resistance to end-grain corrosion. It reduces the
segregation of elements present at the flow lines. There is
reduction in the variation of chromium concentration across the
flow lines after the solution annealing treatment as shown in
Figs. 7 and 8.

Laser surface remelting was carried out on both the heats of
A and B in the as-received condition. The ferrite meter
measurement on these samples showed formation of d-ferrite in
the melt pool, which were in the range of 0.4-0.5%. The melted
pool showed a modified dendritic structure. Compared with the
typical dendritic structure, the substructures of the melted layer
were greatly refined. This is due to the very fast rate of cooling
in the laser-melted pool. Figure 9 shows the microstructure of
heat B at the interface between the laser melt pool and the
wrought base metal. The semi-continuous network of d-ferrite
phase in austenite matrix is clearly evident in the laser-melted
layer. The d-ferrite content in the melted zone was observed to
increase toward the boundary between the melted zone and the
base metal. There is also removal and/or redistribution of
elongated MnS inclusions to spherical shape, as evident in the
microstructure (Fig. 9). These results confirm the results of an
earlier reported study (Ref 20, 21).

Samples of laser-treated material of both the heats (A and B)
were subjected to practice C to find out the susceptibility of
these materials to IGC. The results are shown in Table 3. The
corrosion rate of the laser-treated samples of both the heats was
much lower than the corrosion rate observed for samples in
their as-received condition. The longitudinal sections of the
samples after practice C were examined under an optical
microscope and did not show any corrosion attack. The reason
for the improved resistance to end-grain corrosion of laser-
treated materials is clearly due to the modification of micro-
structure of the end faces after laser remelting. The elongated
inclusions and segregation of Cr, Si, and P along the flow lines,
which are mainly responsible to end-grain corrosion, get
eliminated along with the aligned wrought microstructure after
laser remelting. This modified structure remains in contact with
the corrosive environment. Pan et al. (Ref 13) has proposed a
similar theory for improvement of IGC resistance of sensitized
SS 321 after laser surface remelting, i.e., the redistribution and/
or removal of initial carbides. The redistribution of carbides
from the clustered to the dispersed or even complete dissolution
in the laser-melted layer leads to a modified microstructure with
an insignificant chromium-depleted zone, thus leading to the
improvement in IGC resistance. Another factor that could be

Table 2 Corrosion rates measured after ASTM A 262
practice C for 304L samples of heat B after the 5th
period

Sample condition Corrosion rate, mm/yr

As-received 3.5763 (after 3 periods)
950 �C/90 min 0.2464

Fig. 6 The microstructure of as-received sample of heat B in the longitudinal section after practice C showing heavy corrosion attack starting
from the end faces, and (b) SEM micrograph of the same attacked area. The grains falling out are clearly visible
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contributing for the increase of IGC resistance is the presence
of d-ferrite in the melt pool, which makes the austenite grain
network discontinuous. It was reported that such a structure is

advantageous to improve the IGC resistance, as it eliminates the
continuous pathway for IGC to proceed (Ref 22).

The weld deposition on the end faces of the ring of heat A
was carried out using SS 308L material. The weld deposit
showed a typical cast structure and was free from inclusions.
Figure 10 shows the interface between the weld deposit and the
base metal in the longitudinal direction. The sample with weld
deposition on both the end faces was examined for IGC test
according to practice C. The corrosion rate after five periods
was found to be 0.161 mm/year well within the acceptable limit
and was much lower compared to the corrosion rate of the
sample in the as-received condition. Weld deposition on the end
faces masks the susceptible material (to end-grain corrosion)
with a more corrosion resistant material. Therefore, the cross
sections (the susceptible material) of the sample are not

Fig. 7 As-received sample of heat B after practice C showing (a) flow lines across which EDS line profile was performed, and (b) the corre-
sponding line profile of Fe, Cr, Si, and P

Fig. 8 The sample of heat B heat-treated at 950 �C for 90 min after practice C showing (a) flow lines across which the EDS line profile was
performed, and (b) the corresponding line profile of Fe, Cr, Si, and P

Fig. 9 The microstructure of laser surface remelted sample of heat
B after light etching in oxalic acid, showing the interface between
the laser melt pool and the wrought structure base metal. Different
morphologies of MnS inclusions in the base material and in the la-
ser-remelted region can be seen

Table 3 Corrosion rates measured after the 5th period
of ASTM A 262 practice C for 304L samples of heats A
and B after laser surface remelting

Sample condition Corrosion rate, mm/yr

Laser treated, Heat A 0.185
Laser treated, Heat B 0.208
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exposed to the corrosive environment. This helps in increasing
the corrosion resistance of the component.

Surface alloying with Cr, Mo, etc., on the cross-sectional
surfaces is the other possible method that can be used for this
purpose. A practical method to avoid/minimize end-grain
corrosion in operating plants is welding of a better quality
material of the same grade on the exposed cross-sectional
surfaces. This is an easy method that can be applied in plants.
The heat-treatments technique to control end-grain corrosion
suggested in this study too can be used in plant applications. In
this case only the last section of the tube/tubular product to be
welded (that has the exposed cross-sectional surfaces) only
needs to be heat-treated.

4. Conclusions

Based upon the corrosion tests in boiling nitric acid, it has
been shown that stringer-shaped inclusions of manganese
sulfide type and segregation of chromium along flow lines are
the main reasons for end-grain corrosion in austenitic stainless
steels used in highly oxidizing solutions, e.g., boiling nitric
acids. It has been demonstrated that the controlled solution
annealing heat treatment, laser surface remelting, and weld
deposition with a corrosion resistant material on the exposed
faces are effective methods to improve the resistance to end-
grain corrosion of austenitic stainless steels. A simple method
to avoid/minimize end-grain corrosion in operating plants is
welding of a better quality material of the same grade.
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