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*CORROSION SCIENCE SECTION

C.A. Teodoro® and S. Wolynec™

ABSTRACT

Sensitization and Tunneling Corrosion
of Austenitic Type 347 Stainless Steel

INTRODUCTION

Sensitization of type 347 (UNS S34700) austenitic stainless
steel {SS) samples removed from forged bars was investi-
gated using the electrochemical potentiokinetic reactivation
{EPR) method and the weight-loss technique of ASTM A 262,
Practice B. A normal and a low-carbon steel were investi
gated. Afier solution-annealing at 1,050°C, the two steels
were submitted to sensitization treatments at 550°C, 670°C.,
790°C. and 910°C for times varying from 1 h to 130 h. The
steel with normal carbon content also was solution-annealed
at 1.140°C and submilted to the same sensitization treat-
ments for times varying from 1 h to 62 h. Correlation
between results obtained by the two technigues was very
poor. The lack of correlation was ascribed to tunneling corro-
sion, which is typical of forged steels; in addition to
intergranular corrosion resulting from sensitization. The

tization. The Practice B test did not discriminate between the
two types of attack. The steel solution-annealed at higher
temperature was more susceptible to sensitization.

KEY WORDS: austenitic stainless steel, intergranular
corrosion, sensitization, tunneling corrosion, type 347
stainless steel. UNS S34700
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electrochemical test was most sensitive to corrosion by sensi-

The austenitic stainless steel (SS) sensitization pro-
cess, which consists of carbide precipitation at grain
boundaries and chromium depletion in adjacent
regions and makes Lhe material susceptible to inter-
granular corrosion, has been investigated thoroughly.
The kinetics involve the carbide precipitation process
and the chromium diffusion process to regions de-
pleted in this element. The kinetics still present some
obscure and controversial points, however, especially
in steels such as type 347 SS (UNS S34700)." This
steel contains niobium that is intended to combine
preferentially with carbon to prevent chromium car-
bide precipitation. However, as shown by Padilha for
type 321 8S (UNS S32100), to which titanium is
added instead of niobium. only a part of the carbon
combines with the tilanium after the solution-anneal
and the rest remains in solution.! Moreover, he found
that the kinetics of chromium carbide formation,
although metastable, is more favorable than that of
titanium carbide (TiC) at temperatures < 600°C,
Above this temperature. the opposite is true. This
explains why these steels become sensitized and-
susceptible to inlergranular corrosion under certain
circumstances.

Austenitic SS under forged conditions also may
become susceptible to tunneling corrosion, also
known as end-grain attack. This corrosion. which
has a pilting corrosion morphology, propagates along
the metal flows of SS forgings.? It has been ascribed
to alignment of nonmetallic impurities (sulfides,

0010-9312/98/000025/$5.00+$0.50/0
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TABLE 1 1,050°C solution-annealing temperature, was desig-
Chemical Composition of Steels Tested (Wt%) nated as 347(1) and the other, corresponding to
1.140°C. was designated as 347(2).
S ey ot veld The double-loop (DL)-EPR method was used to
c 0.064 0.014 determine the degree of sensitization (DOS). The ex-
Si 0.45 0.45 perimental setup was assembled as described in the
“;" E)ggs ;';gd literature.® 7 A saturated calomel electrode {(SCE) and
S 0.005 0.004 a platinum counter electrode were used in the testing
Cr 17.65 17.4 cell, which contained a 0.5 M sulfuric acid (H,50,) +
Ni 9.95 9.85 0.01 M potassium thiocyanate (KSCN) solution pre-
NbF+eT3 68.1736 6339 pared with analytical-grade reagents. Testing

oxides, etc.} or refractory metal carbides that form
preexisting active paths for the corrosion front.* In
sensitized type 347 SS, submitted to the Huey test,
this type of corrosion was shown to follow the
niobium carbide (NbC} stringer.* However, the phe-
nomenon also has been observed (albeit to a reduced
extent) on extra high-purity. low-carbon SS.°
Kajimura, et al.,? detected this type of corrosion for
25% Cr-20% Ni-Nb SS in highly oxidizing nitric acid
{HNO,) and showed it resulted from chromium
segregation, causing chromium depletion in the
cold-worked bands parallel to the metal flows from
working.

The objective of the present work was to investi-
gate Lhe sensitization of forged type 347 SS samples
using an electrochemical potentiokinetic reactivation
(EPR) method and the weight-loss technique outlined
ASTM A 262, Practice B.? Use of the EPR technique
as a suitable tool for investigating sensitization of
these steels and that of type 304 SS (UNS S30400)
has been reported elsewhere.®

EXPERIMENTAL

temperature was maintained constant at 30°C + 1°C,
and the scanning rate of the polarization cycle (corro- |
sion potential) — (fixed potential in the passive
region) — [corrosion potential) was 2 mV/s. The fixed
potential in the passive region was 300 mVsg. In this
method, DOS was evaluated with the I,/1, ratio,
where 1, is the peak current in the polarization cycle
(corrosion potential) — (fixed potential in the passive
region). and I, is the peak current obtained in the
reverse cycle (fixed potential in the passive region) —
(corrosion potential).

For the sake of comparison, DOS also was deter-
mined using the Practice B weight-loss technique of
the ASTM A 262 standard: but instead of the speci-
fied 120-h testing. 30-min or 40-min tests were
performed.

Samples for the DL-EPR test were mounted in
thermosetting plastic, leaving an exposed surface
area of ~ 1 cm? (0.155 in.?) that was wet-polished to
600-grade silicon carbide (SiC) paper. Samples for
the Practice B test were approximately cubic in shape
and had an approximate area of 13 cm? (2.015 in.?).
They were wet-polished in all their faces down to
120-grade SiC paper.

=
ooll

FIGURE
time at di

at 670

RESULTS

Two different type 347 austenitic SS were inves-
tigated. The first, designated as Steel 347, contained
normal carbon content, while the second, designated
as Steel 347L. contained much lower carbon and
niobium contents. Chemical composiltion of these
steels is given in Table 1.

Samples of these steels, removed from forged
bars, initially were solution-annealed at 1,050°C for
40 min, followed by quenching in water. Afterward,
they were submitted to sensilization treatments at
550°C, 670°C. 790°C, and 910°C for times of 1 h,

13 h, 62 h, and 130 h. Steel 347 also was solution-
annealed at 1,140°C for 40 min and then submitted
to the same sensitization treatments for times of 1 h,
13 h, and 62 h. Thus, Steel 347 was formed by two
sets of samples: the first, corresponding to the

@ ASTM A 262-91, “Practices for Detecting Susceptibility to
Intergranular Attack in Austenitic Stainless Steels.” vol. 03.02,
Annual Book of Standards (West Conshohocken, PA: ASTM,
1991).

122

DL-EPR tests were repeated three times each
after polishing, so that each L,/I, ratio value was the
average of three measures. The standard deviation is
indicated in the figures by the error bars. Since the
Practice B tests were intended only for comparison,
they were performed once.

For Steel 347(1), DOS values with heat treatment
time at different temperatures are presented in Fig-
ure 1 for the DL-EPR test and in Figure 2 for the
Practice B test. For the solution-annealed condition
(time zero), the I,/1, ratio for this steel was 0.0019,
and the weight loss was 3.1 g/m?-h.

According to the DL-EPR tests (Figure 1), Steel
347(1) became sensitized only for the 550°C sensiti-
zation treatment. This sensitization also was detecled
by the Practice B test (Figure 2). However. in compar-
ing the two figures, it was observed that, while no
sensitization was detected by the DL-EPR technique
for other temperatures, considerable weight loss was
determined by Praclice B for the sample treated 13 h

CORROSION-FEBRUARY 1998
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FIGURE 1. DOS variation of Steel 347(1) with sensitization treatment
time at differenttemperatures as determined by the DL-EPR technigue.
1s deter-
fque of
speci-
're al 670°C, as well as for samples treated 130 h at
670°C and 910°C.
ed in Similar discrepancies were observed for Steel
face 347L (Figures 3 and 4). For the solution-anneal con-
shed to dition (time zero). the 1,/1, ratio for this steel was
es for 0.0032, and the weight loss was 3.0 g/m?-h.
in shape DL-EPR tests (Figure 3) indicaled the occurrence
5in.?). of some sensitization of Steel 347L, particularly for
nto samples treated at 790°C and 550°C. In the Practice
B tests (Figure 4), the behavior of this steel was
quite complex. At 550°C, for example, the weight loss
for 1-h and 62-h sensitization treatments was negli-
gible, while for 13 h and 130 h, it was of the order of
each 5.000 g/m?-h and 3,500 g/m?-h, respectively. For
was the 670°C and 790°C, however, the weight loss was
jation is substantial for 1-h, 62-h, and 130-h treatment,
ice the and negligible for 13-h treatment.
arison, The change of solution-anncaling temperature of
Steel 347 from 1.050°C to 1,140°C had a significant
reatment effect upon its sensitization (Figures 5 and 6). For the
'in Fig- solution-anneal condition (time zero). the 1,/1, ratio
i the for Steel 347(2) was 0.0028, and the weight loss was
hdition 2.0 g/m?-h.
0019, Comparison of Figure 5 to Figure 1 showed that,
! while sensitization was only significant at 550°C for
stel steel solution-annealed at 1,050°C, it was meaningful
ensiti- in all temperatures for that solution-annealed at
detected 1.140°C, being more intense at 670°C. Weight-loss
compar- results (Figure 6) showed some agreement with DL-
le no EPR tests results (Figure 5) for 670°C and for 790°C,
hnique both with a maximum at 13 h. In the DL-EPR re-
oss was sults, this maximum was ~ 3 times larger for 670°C
ted 13 h than 790°C. In the weight-loss results, the 670°C
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FIGURE 2. Weight-loss variation of Steel 347(1} with sensitization
treatment time at different temperatures as determined using ASTM
A 262, Practice B, after 40 min of immersion.
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FIGURE 3. DOS variation of Steel 347L with sensitization treatment
time atdifferent temperatures as determined by the DL-EPR technique.
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FIGURE 4. Weight-loss variation of Steef 347L with sensitization
treatment time at different temperatures as determined using ASTM
A 262, Practice B, after 40 min of immersion.
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FIGURE 5. DOS variation of Steel 347({2) with sensitization treatment
time atdifferent temperatures as determined by the DL-EPR technique.

and 790°C data were practically the same. At cthie
temperalures, agreement was poor. At 550°C and
910°C, weight losses were negligible.

Some of the samples submitted to the Practice B
test were examined by scanning electron microscopy
(SEM). As-corroded surface morphologies of Steel 3:17
and Sleel 347L samples solution-annealed at
1.050°C presented a large weight loss for 13-h treat-
ment at 670°C and 550°C (Figures 7 and 8). In both
cases, corrosion was characterized by the presence of

188rm WD39

FIGURE 7. As-corroded surface morphology of Steel 347 (1) sensitized

13 h at 670°C, after 40 min of immersion in Practice B solution. The
deep holes near each other were typical of tunneling corrosion (SEM,
300x).
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FiGUAE 6. Weight-loss variation of Steel 347(2) with sensitization
treatment time at different temperatures as determined using ASTM
A 262. Practice B, after 30 min of immersion.

3

deep holes in close proximity. with each hole resem-
bling a corrosion pit. Figure 8 shows these holes as
very tunnel-like in shape. Thus, in both cases, this

type of attack was typical of tunneling corrosion.

In some samples. intergranular corrosion was
observed in addition to tunneling corrosion, as was
the case of Steel 347(1) treated for 130 h at 670°C
(Figure 9), Intergranular corrosion is shown in more
detail in Figure 0. Some intergranular corrosion,
although rare, was observed in Steel 347L samples.

For samples solution-annealed at 1,140°C, tun-
neling corrosion associated with the intergranular
corrosion was observed on samples sensitized at
670°C. For samples sensitized at 790°C, corrosion
was primarily intergranular. as shown in Figure 11
for the sample sensitized 13 h.

other
of no
elemer
DL-EP
areas,
large 2
test foi
sensit
than
EPR te

FIGURE 8. As-corroded surface morphology of Steel 3471 sensitized

13 h at 550°C, after 40 min of immersion in Practice B solution. The
many tunnel-like deep holes, close to each other, were typical of
tunneling corrosion (SEM, 600x).

124

CORROSION-FEBRUARY 1998




h sensitization
d using ASTM

sle resem-
+holes as
1ses, this
rosion.
ifon was

n, as was
it 670°C

m in more
rrosion,
.samples.
10°C, tun-
franular
lzed at
orrosion
Figure 11

471 sensitized
B solution. The

CORROSION SCIENCE SECTION

Optical metallography (OM) confirmed the two
types of corrosion. Figure 12 shows the tunneling
corrosion, and Figure 13 shows the tunneling corro-
sion associated with some intergranular corrosion.
Figure 14 shows intergranular corrosion only.

DISCUSSION

The behavior of Steel 347(1) (Figure 1) was con-
sistent with Padilha's findings for type 321 SS.!
Assuming that the same explanations apply to type
347 SS, the carbon retained in solution tended at
lower temperatures to combine prelerentially with
chromium. At higher temperatures, it combined
preferentially with niobium. and at intermediate
temperatures with both, so that it could be inferred
that chromium depletion at grain boundaries was
larger at lower than at higher temperatures.

The occurrence of tunneling corrosion in Practice
B tests was consistent with findings of Kajimura.
et al., and was ascribed to the fact that the samples
were made from forged materials.? Therefore, the lack
of agreement in most cases between the DL-EPR and
the Practice B tests seemed to be associated with this
type of corrosion. If, as stated by Kajimura, et al.,
tunneling corrosion is associated with chromium-
depleted bands from compositional banding, the
DL-EPR test should have been sensitive to these
bands, and the sensitization intensity I,/1, ratio
should have been larger and should have been in
good agreement with the weight loss determined in
Practice B tests. However, this did not happen, as
clearly shown in Figures 1 and 3 when compared to
Figures 2 and 4, respectively.

The possibility of the DL-EPR test being affected
by the factors responsible for tunneling corrosion
could not be discarded. although it was not clear how
this might have happened. According to Kajimura,
et al.. the areas with chromium depletion could have
acted as initiation sites [or tunneling corrosion.? The
tunneling corrosion could have been assisted by
other microstructural components, such as stringers
of nonmetallic inclusions or segregation of impurity
elements such as sulfur or phosphor. Hence, the
DL-EPR test would track the chromium-depleted
areas, but the measured amount would not be as
large as the weight loss determined in the Practice B
lest for several reasons. First, the Practice B could be
sensitive to smaller levels of chromium depletion
than the DL-EPR test. According to Bruemmer, et al.,
EPR tests register chromium depletion only below
~ 14.5% to 15%.% Next, Practice B could be more
sensitive to cold work and to the presence of manga-
nese sulfide (MnS) and other nonmetallic inclusions
or even ferrite in the structure.

Data of Figure 5 was in good agreement with the
temperature-time-corrosion (TTC) curves obtained by
Ebling and Sheil for type 347 steel using the weight-

CORROSION-Vol. 54, No. 2

FIGURE 9. As-corroded surface morphology of Steel 347(1) sensitized
130 h at 670°C, after 40 min of immersion in Practice B solution. In
addition to tunneling corrosion. some intergranular corrosion was
visible in the upper left corner (SEM, 300x).

FIGURE 10. Detailed view of intergranular corrosion observed in
Figure 8. Cavities suggested detachment of grains (SEM, 1,500x).

loss test in boiling 65% HNO,.? Figure 15 compares
I,/1, values of Figure 5 corresponding to 670°C to the
corrosion rate values corresponding to this tempera-
ture in the above TTC curves. The two curves were
very similar, but the times at which maximum sensi-
tization was reached were different, probably as a
resiit of differences in composition and solution-
anneal treatment of the two materials.

By comparing Figure 1 with Figure 5. it was veri-
fied that the solution anncal at 1,140°C produced a
material more susceptible to sensitization than that
at 1,050°C. Reasons for this were related to a larger
dissolution of niobium carbides at 1,140°C than at
1,050°C and a larger retention of carbon in solution
after the cooling. According to Padilha. et. al,' the
content [C] (wt%) of carbon dissolved in the matrix ol

125



FIGURE 11. As-corroded surface morphoiogy of Steel 347(2)
sensitized 13 h at 790°C, after 30 min of immersion in Practice B
testing solution. Corrosion was primarily intergranular (SEM, 300x).
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FIGURE 12. Tunneling corrosion of Steel 347L sensitized 13 h at i

55(°C, after 40 min of immersion in Practice B testing solution {OM,
etched with oxalic acid, 150x).

FIGURE 13. Tunneling corrosion and some intergranular corrosion
of Steel 347(2) sensitized 13 h at 670°C, after 30 min of immersion
in Practice B testing solution (OM, etched with oxalic acid, 150x).

carbide |
the slopq
This seeq
670°C, g
first poin
times in!
Assumin
approxin
curves rd
Arrheniy
trapolatiy
to the tef
be of ~ 0,
example,
8 min). T
chromiu
was cons
occurred

The !
good as t

L ] .

FIGURE 14. Intergranuiar corrosion of Steel 347(2) steel sensitized
13 hat 790 C, after 30 min of immersion in Practice B testing solution
{OM, etched with oxalic acid, 150x).

an austenitic 8S due to the dissolution of a given
metallic carbide is given by:

4C[” - (ac- bjC]- 10° =0 (1)

where a is the stoichiometric ratio of metal to the
carbon in the carbide, b is the total wt% ol carbide
forming metal in steel, ¢ is the total wt% of carbon in
steel, and d = log [M][C]. with [M] being the wt% of
the carbide-forming metal dissolved in the matrix.
For NbC, the d value for 18% Cr-13% Ni steel in the
range 1,000°C to 1,300°C changes with temperature
as:!!

9.3
d=4.55- e (2)
T
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Applying these equations to the investigated
Steel 347, for which b was assumed to be 0.76% (the
tantalum content is usually very small) and ¢ =
0.064%, the carbon content [C] in solution was
0.0092% at 1.050°C and 0.020% at 1.140°C, which
confirmed the above assumption.

Chromium carbide precipitation in Steel 347(2)
at temperatures > 600°C was determined certainly by
the larger carbon availability in solution. This also

could have been affected by the smaller density of From
niobium carbides due to their dissolution at 1,140°C. possible
The undissolved niobium carbides would act as pre- chromiur
existing nuclei for carbon precipitation as NbC. and if boundari
there were few, the chromium carbide precipitation than thal
would be stimulated. However, the participation of It was po
these preexisting nuclei in NbC nucleation appar- caused b

be smalle

ently was not very significant, and there was no data
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available showing how the number density of these
nuclei is affected by the solution-anneal temperature.

In a similar way to type 304 SS (UNS S30400),
whose sensitization kinetics was investigated by the
same technique,'? it could be stated that sensitiza-
tion curves, such as those of Figure 5, result from a
balance between the chromium carbide precipitation
kinetics and the kinetics by which the chromium-
depleted zones are eliminated by diffusion. Indeed,
the chromium carbide precipitation kinetics, which
could be associated with the slopes of the curves of
Figure 5 for small sensitization times, increased
when the temperature increased from 550°C to
910°C. However, there was a simultaneous "back”
diffusion of chromium to the chromium-depleted
zones, whose kinetics also increased with tempera-
ture, resulting in a gradual stabilization and a
decrease of DOS for longer sensitization times.

From the above considerations, the chromium
carbide precipitation rate could be estimated from
the slope of the tangent to these curves at the origin.
This seemed to be valid for temperatures of 550°C,
670°C, and 790°C, but not for 910°C, for which the
first point of the curve, that of 1 h, was already at
times in which chromium diffusion was dominant.
Assuming this evaluation was valid and using the
approximate values of the slopes at the origin of the
curves related to 550°C, 670°C, and 790°C, the
Arrhenius plot of Figure 16 was obtained. The ex-
trapolation of the straight line fitted to these points
to the temperature at 910°C indicated its slope would
be of ~ 0.34 (i.e.. the time necessary to reach, for
example, DOS of 1,/1, = 0.05, would be of the order of
8 min). This value, associated to a considerably high
chromium diffusion coefficient at this temperature,
was consistent with the sensitization decrease that
"occurred between 1 h and 13 h.

The alignment of points in Figure 16 was not as
good as that reported for type 304 SS.'? It was pos-
sible that the reason for this was the tunneling
corrosion observed on samples sensitized at 550°C
and 670°C. As stated by Kajimura. et al.. this type of
corrosion is determined by chromium-depleted
zones,? and it is quite possible that in the DL-EPR
measuring technique, these zones contributed to the
increase of the 1,/1, ratio. This should explain why
the point corresponding to 670°C was above the ad-
justed straight line. while the absence of tunneling
corrosion in samples sensitized at 790°C justified the
position of the corresponding point below this line.

From the slope of Arrhenius straight line, it was
possible to determine the activation energy of the
chromium carbide precipitation rate at the grain
boundaries as 124 kJ/mol. This value was larger
than that determined for type 304 SS (103 kJ/mol)."*
It was possible that, with the exclusion of the effect
caused by the tunneling corrosion, this value would
be smaller and closer to that of type 304 SS.

CORROSION-Vol. 54, No. 2
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FIGURE 15. DOS variation with sensitization time obtained by the
DL-EPR technique for Steel 347 solution-annealed at 1,140°C and
sensitized at 670° C, compared fo that obtained by Ebling and Scheif
using the weight-loss test in boiling 65% HNO,.
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FIGURE 16. Arrhenius plot for the tangent slopes at the origin of the
curves of Figure 5, determined for 550°C, 670°C, and 790°C, and
extrapolated to 910°C.

Finally, in some cases, the weight loss deter-
mined by Practice B was negligible while the
sensitization intensity I,/1, as determined by the
DL-EPR test was substantial (for instance, the
sample sensitized at 550°C in Figures 3 and 4). The
reason for this may have been the short time adopted
for the immersion test (only 40 min). Dissolution of
the metal only started when the passive film of
chromium-depleted areas was broken. This film
breakdown was a probabilistic phenomenon and
involved an induction period, which may have varied
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from one test to another. Thus, it was possible that,
for some samples, this induction period was not
reached during the adopted testing time.

CONCLUSIONS

¢ Tunncling corrosion observed on Steel 347 and
Steel 347L samples submitted to the ASTM A 262.
Practice B test was related to their forging micro-
structure, although it was not clear what factors
actually were controlling.

< The DL-EPR test seemed mostly sensitive to the
intergranular corrosion determined by sensitization,
while the Practice B test did not discriminate be-
tween this type of attack and that of tunneling
corrosion. This implied that the results of Practice B,
when applied to lorged SS. must be used with discre-
tion, because an expressive weight loss will not
necessarily mean that the material is sensitized.

% The solution-annealing of Steel 347 at 1,140°C
produced a material more susceplible to sensitization
than that at 1,050°C because more carbon remained
in solution in the former.

% The points in the Arrhenius diagram, correspond-
ing to the chromium carbide precipitation kinetics at
grain boundaries of the invesligated steel, were not
aligned perfectly probably because of the simulta-
neous occurrence of tunneling corrosion. The
activation energy of this process was 124 kJ/mol.
which was slightly higher than that determined for
type 304 SS.
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