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Improving Intergranular Corrosion Resistance of
Sensitized Type 316 Austenitic Stainless Steel
by Laser Surface Melting

U.K. Mudali and R.K. Dayal

An attempt was made to modify the surface microstructure of a sensitized austenitic stainless steel, with-
out affecting the bulk properties, using laser surface melting techniques. AISI type 316 stainless steel
specimens sensitized at 923 K for 20 hr were laser surface melted using a pulsed ruby laser at 6 J energy.
Two successive pulses were given to ensure uniform meiting and homogenization. The melted layers were
characterized by small angle X-ray diffraction and scanning electron microscopy. Intergranular corro-
sion tests were carried out on the melted region as per ASTM A262 practice A (etch test) and electrochemi-
cal potentiokinetic reactivation test. The results indicated an improvement in the intergranular corrosion
resistance after laser surface melting. The results are explained on the basis of homogeneous and nonsen-
sitized microstructure obtained at the surface after laser surface melting. It is concluded that laser sur-
face melting can be used as an in situ method to increase the life of a sensitized component by modifying

the surface microstructure.

1. Introduction

AUSTENITIC stainless steels are prone to intergranular corro-
sion (IGC) and intergranular stress-corrosion cracking
(IGSCC) when they are subjected to sensitizing heat treatments
between 723 and 1073 K, leading to premature failure of com-
ponents during service. The sensitization is attributed to the
formation of a chromium-depleted zone adjacent to the chro-
mium-rich M,3Cq carbides along the grain boundaries during
the heat treatment. Thus, the presence of this heterogeneous mi-
crostructure can initiate IGC and IGSCC. To avoid this type of
failure, the remedial methods include use of low-carbon stain-
less steels, high-temperature solution annealing treatment to
dissolve the carbides, and use of carbide stabilizing alloy addi-
tions such as Ti and Nb.[1-3] However, if the components are
found to be sensitized during the final stage of commissioning
or during service, they cannot be used in hostile environments
without solution annealing treatment. Also, it is difficult to
eliminate a sensitized microstructure, such as the one formed at
the heat-affected zones during welding, by a simple heat treat-
ment without affecting the properties of the weldment. In such
cases, an in situ method is required that can selectively elimi-
nate the sensitized microstructure.

In the present work, an attempt was made to homogenize the
surface of the sensitized specimens by using alaser. This would
eliminate the possible initiation of IGC and IGSCC at the sur-
face, because most corrosion processes initiate from the sur-
face. It is known that laser surface modification produces
microstructures with improved properties for many applica-
tions.[4101 Also, laser surface melting can be carried out on
complicated or inaccessible components in situ if required.[%!
With careful beam control, appropriate melt depths can be pro-
duced, with minimum surface residual stresses and complete
intermixing of the alloying components. Because melting dur-
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ing laser processing occurs in a very short time, and only in the
surface region, the bulk of the material remains cool, thus serv-
ing as an infinite heat sink. Large temperature gradients exist
across the boundary between the melted surface layer and the
underlying solid substrate. This produces rapid self-quenching
and resolidification, with quench rates as large as 101! K sec’!
and accompanying resolidification velocities in the range of 20
ms-1. The rapid quenching from the liquid phase can produce
extended solid solutions, metastable crystalline phases, and, in
some instances, metallic glasses.

In the present work, laser surface melting of sensitized type
316 stainless steel was carried out using a pulsed ruby laser sys-
tem. The melted regions were characterized by using scanning
electron microscopy (SEM) and X-ray diffraction (XRD). In-
tergranular corrosion resistance was evaluated by testing as per
ASTM A262 practice A (etch test) and by conducting electro-
chemical potentiokinetic reactivation (EPR) tests.

2. Experimental Methods

Nuclear-grade type 316 stainless steel (see material in Table
1 for composition) was used for the present work. Solution an-
nealed type 316 stainless steel was given a sensitization heat
treatment at 923 K for 20 hr. Specimens of 10 by 10 by 2 mm
were cut from this material and polished with up to 600-grade
SiC emery paper. This surface preparation was preferred to
minimize the reflection of the laser beam during melting. The
specimens were thoroughly cleaned in methanol prior to laser
surface melting. Laser surface melting was carried out using a
pulsed ruby laser system (JK Industries, UK) with the follow-
ing specifications: pulse width, 30 ns; A, 693.4 nm; energy
range, 1 to 10 J/pulse; and pulse frequency rate, 6 pulses per
minute. In the present work, laser irradiation was carried out at
a calibrated energy of 6 J per pulse with two successive pulses
at the same spot. The diameter of the melted region, corre-
sponding to the diameter of the laser beam, was about 6 mm.
Complete melting of the surface was ensured by immediately
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Table1 Chemical Composition of Type 316 Stainless Steel

Composition, wt. %

C N Cr Mo Ni

Mn Si S P Fe

0.054 0.038 16.46 2.28 10.2

1.69 0.64 0.006 0.025 bal

Fig. 1 Scanning electron micrographs of as-laser melted surface
showing the presence of (a) ripples and craters on the surface
and (b) striations and flow lines on the surface.

observing the melted samples in a low-power optical micro-
scope and by visual observation. In some cases, an optical ho-
mogenizer was used as a wave guide to homogenize the beam
energy for uniform and homogeneous melting throughout the
region.

The melted regions were observed by SEM to examine the
changes in the surface morphology. To determine the formation
of any new phases during melting and solidification, small an-
gle X-ray diffraction of the melted layer was carried out using a
Rigaku model microprocessor-based X-ray diffractometer. In-
tergranular corrosion testing of the samples was carried out by
electrolytically etching the samples in a 10% ammonium per-
sulfate solution at 6 V for 90 sec.[1l} The etched samples were
observed in an optical microscope to classify the microstruc-
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ture obtained. The EPR tests were carried out as per the proce-
dures formulated by Clarke et al.[12| The test variables were as
follows: electrolyte, 0.5M H,SO4 + 0.01M NH4SCN; scan rate,
6 V/hr; passivation potential and time, +200 mV (saturated
calomel electrode) and 120 sec; deaeration by argon purging.
According to this test, sensitized material exhibits a significant
reactivation peak current and charge density values that can be
related to the degree of sensitization. The higher the reactiva-
tion peak current and charge density values, the higher the de-
gree of material sensitization. The superiority of this test over
others is the selective attack on the chromium-depleted regions
that contribute to intergranular corrosion. After electrolytic
etching and EPR testing, the samples were examined by SEM.

3. Results and Discussion

Figure 1(a) shows the appearance of the surface of the laser
surface melted samples as observed in SEM. The resolidified
surface was rough in appearance, and a large number of craters
and ripples were observed with a continuous wavy pattern. The
occurrence of the craters and ripples was attributed to surface
tension gradients and fluid flow effects produced during melt-
ing and resolidification.[13] At higher magnifications (Fig. 1b),
striations or flow lines were found on the surface, which could
be attributed to the quenching stresses created during the rapid
heating and resolidification.!!4] However, no microcracks or
micropores were observed throughout the surface.

Figure 2(a) shows the structure obtained after electrolytic
etching of a sensitized 316 stainless steel (923 K/20 hr) speci-
men. Complete attack of the grain boundaries in a continuous
network is evident. This type of structure is called a ““ditch” (ac-
cording to the ASTM classification!'!1) and indicates suscepti-
bility to IGC or IGSCC during service. However, the laser sur-
face melting samples did not show continuous grain boundary
attack, as shown in Fig. 2(b).

The elimination of the ditch structure indicated an improve-
ment in the intergranular corrosion resistance. Indeed, the cen-
ter of the laser-melted zone clearly showed total elimination of
the grain boundary attack, as shown in Fig. 3(a). Also, the redis-
tribution of the grain boundary carbides into globular particles
was observed at the interface between the melt zone and the un-
affected base metal (Fig. 3b). This indicates incomplete melt-
ing and dissolution of the carbide particles in these areas.

However, the uniform distribution of such fine carbides has
been reported to improve localized corrosion resistance.!!511t is
also reported that a new surface can be created by laser surface
melting, with total redistribution of the second phases, having
improved properties.[%] The modification of the surface by laser
surface melting eliminated the earlier microstructure, which
provided a continuous pathway for IGC or IGSCC. Thus, a sur-
face that has a nonsensitized microstructure is produced, al-
though the bulk of the material may remain sensitized. Such an
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jmprovement in IGC was reported by de Damborena et al.
when they studied laser-modified sensitized 304 stainless steel
using a continuous CO laser.!16 They have attributed the im-

X-ray diffraction results of the samples showed a decrease
in the intensity and broadening of the austenite (gamma phase)
peaks, with an increase in the full width at half maximum

(FWHM) compared to the as-sensitized samples. However,
there was not much shift in the d-spacing values after laser sur-
face melting. The broadening of the peaks could be attributed to
the presence of quenching stresses or the formation of a near-

provement in IGC to the rapid solidification process, which

roduced a microstructure consisting of dendritic cellular
growth of austenite. Similar improvement in IGC of sensitized
304 stainless steel was reported by Anthony and Clinel4! when
they studied continuous wave CO, laser-melted samples by the
Strauss test.

(b)
(b)

Fig. 3 Scanning electron micrographs of test samples showing
(a) the complete disappearance of grain boundary network and
the presence of residual carbide particles and (b) the carbide par-
ticles present between the melt zone and the unaffected base metal.

Fig.2 Scanning electron micrographs after etch testing show-
ing (a) as-sensitized microstructure and (b) reduction in the con-
tinuous network of grain boundaries after laser surface melting.

Table 2 XRD Data for Type 316 Stainless Steel

2e, FWHM, d,
Condition degree in. A° ITo Plane
Sensitized at 923 K for 20 hr.....cccceevveveceeerececennrnnes 44.34 0.980 2.041 100 (111
51.6 0.660 1.770 25 (200)
75.94 0.660 1.252 13 (220)
Sensitized and laser surface melted..........ccocoevenvenn.n. 44.42 1.080 2.038 99 (111)
51.64 0.750 1.769 46 (200)
75.92 0.810 1.252 26 (220)

Journal of Materials Engineering and Performance Volume 1(3) June 1992—343



(b)

Fig. 4 Scanning electron micrographs of the EPR tested sam-
ples showing (a) continuous network of grain boundary attack
for as-sensitized samples and (b) no selective grain boundary at-
tack for laser surface melted samples.

amorphous or microcrystalline structure developed after laser
surface melting.[”-'71 This was also confirmed by the presence
of striations or flow lines observed in the SEM photomicro-
graphs of the samples (Fig. 1b). The results of the XRD analy-
sis are given in Table 2.

The SEM observation (Fig. 4) of the samples after EPR test-
ing showed the continuous attack of grain boundaries for the
as-sensitized samples, whereas no grain boundary attack was
revealed for the laser surface melted samples. However, stria-
tions and flow lines were clearly visible.

The EPR tests showed less significant reactivation peak for
the laser surface melted samples compared to the as-sensitized
samples (Fig. 5). The reactivation peak current density (15.8
mA/cm?) and the EPR charge values (1.03 C/cm?) were quite
high for the as-sensitized samples. This clearly indicated the
formation of a microstructure without any significant chro-
mium depletion after laser surface melting. Also, this con-
firmed the total redistribution of the carbides, with no detect-
able chromium-depleted region.
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Fig. 5 EPR curves of sensitized, as well as sensitized and laser
surface melted, specimens.

4. Conclusions

Laser surface melting can modify the microstructure by
eliminating sensitization at the surface of type 316 stainless
steel. No micropores or microcracks were observed after laser
surface melting; however, striations or flow lines were present,
and this could be attributed to the quenching stresses formed
due to rapid heating and resolidification. Significant reduction
of the grain boundary carbide network, with the redistribution
of carbides into globular particles, was observed after laser sur-
face melting. Laser surface melting of sensitized type 316
stainless steel improved the intergranular corrosion resistance
without affecting the bulk properties.
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