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INTRODUCTION

One of the major reasons for intergranular corrosion in austenitic stainless steel is
chromium depletion due to chromium-carbide precipitation at grain boundaries.
Several techniques have been suggested to avoid intergranular corrosion, such as
reducing the carbon content in the material and adding titanium, niobium, or zirco-
nium for stabilization. Recent grain-boundary structure studies have shown that
grain-boundary phenomena (such as grain-boundary diffusion,1 precipitation,2,3 and
corrosion4,5) strongly depend on the grain-boundary crystallographic nature and
atomic structure.6

Friedel7 first showed that for certain misorientations about rotational axes there
exist superlattices on which a fraction (1/Σ) of the lattice points in the two crystal
lattices lie. This is referred to as a coincidence site lattice (CSL) and is independent of
the interfacial plane.6 The highest possible degree of coincidence in the cubic system,
apart from a perfect crystal, is for a simple twin for which Σ = 3.6 Figure 1 shows a CSL
with Σ = 11 by a rotation of 50.5° about [110] in a body-centered cubic bicrystal as a more
general example,8 where coincident sites are indicated by solid circles. CSL boundaries
should show good atomic fit.8,9 The best fit and, hence, lowest energy occurs when the
interface follows a plane containing a high density of coincidence sites, so that the
boundary plane will be stepped to follow a path to maximize the proportion of good
matching.6,8 A CSL with low Σ leads to ordered boundaries at which the atomic
configuration is regular and ordered.

Time-temperature-transformation and time-temperature-precipitation curves re-
ported for austenitic stainless steels indicated that twin boundaries are not susceptible
to carbide precipitation and corrosion because atomic structure is highly regular and
coherent as compared to other high-angle grain boundaries.10,11 Trillo and Murr12,13
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Figure 1. A two-dimensional atomic configu-
ration at a Σ11 CSL grain boundary with 50.5°/
[110].8

Figure 2. A mixed structure of sensitized and
unsensitized boundaries in the weld decay
region of a weld-heat-affected zone of auste-
nitic stainless steel.
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Figure 3. (a) Optical and (b) SEM micrographs of grain boundaries in the weld-decay region of
304 steel after 10% oxalic acid etching, and ECPs obtained from (c) grain A, (d) grain B, and (e)
grain C.
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Figure 4. Grain-boundary TEM structures of (a) Σ9 and (b) random boundaries in the weld-decay
region of 304 steel.
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Figure 5. Optical microstructures of 304 steel that were heat-treated at 1,000 K for (a) 0 s, (b) 100
s, (c) 1,000 s, and (d) 10,000 s.
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Figure 6. The time-temperature-precipitation
diagram for intergranular carbide in 304 steel
after an oxalic acid-etch test.

have shown remarkable resistance of the coherent twin boundary to carbide precipi-
tation because of extreme low boundary energy. After brief exposure to a sensitizing
temperature, such as in welding, an austenitic stainless steel has a mixed structure of
sensitized and unsensitized boundaries (Figure 2).14 This suggests that each grain
boundary has its own sensitivity, depending on the grain-boundary nature and
structure (atomic regularity at the boundary), and short-time sensitization, such as
weld decay,15 can be inhibited by controlling grain-boundary nature and structure in
the material. The purpose of this study is to make clear the relationship between grain-
boundary sensitization and structure in an austenitic stainless steel according to the
CSL theory6 and to suggest that suitable grain-boundary design and control,16–19 such
as as by a proprietary thermomechanical process,20 can prevent weld decay in stain-
less steels.

GRAIN-BOUNDARY SENSITIZATION AND CHARACTERIZATION

A type 304 austenitic stainless steel with the chemical composition (in wt.%) Fe-
18.28Cr-8.48Ni-0.60Si-1.00Mn-0.055C-0.029P-0.005S was heat-treated at temperatures
of 800–1,300 K for 10–104.5 s. The specimens were examined by ten percent oxalic acid-
etch and Strauss tests, and by scanning and transmission electron miscroscopy (SEM
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Figure 9. TEM micrographs of grain boundary structures deviated (a) 7.25 degrees and (b)
12.72 degrees from the Σ9 CSL orientation relationship in 304 steel heat-treated for
100 s at 1,000 K.
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Figure 8. The time-temperature-intergran-
ular corrosion diagram for 304 steel after a
Strauss test.

Figure 7. Oxalic acid-etched and Strauss-tested specimens heat-treated at 1,000 K for 1,000 s (a)
before and (b) after a bend test.
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and TEM). The crystallographic orien-
tation in each grain was determined by
electron diffraction channeling (ECP)
and Kikuchi patterns.

The grain boundaries were character-
ized on the basis of CSL theory21 using
misorientation matrices;22–27 the devia-
tion angle ∆θ from the nearest-Σ CSL
orientation relationship was given as
the rotation angle of deviation matrix,
Md, from the misorientation matrix at a
grain boundary.28 The maximum devia-
tion angle, ∆θc, which can be accommo-
dated in a Σ boundary by introducing
grain-boundary structural dislocations,
is given by Brandon’s criterion, ∆θc =
15 Σ–1/2 in degrees.29 A parameter ∆θ/∆θc

was used to evaluate grain-boundary regularity.30–32 The regularity of grain-boundary
structure is considered to decrease with an increase in Σ value, because the density of
CSL points in the two crystal lattices decreases.6 CSL boundaries with Σ ≤ 29 were
regarded as ordered boundaries.

GRAIN-BOUNDARY STRUCTURE DEPENDENCE ON PRECIPITATION

Figure 3 shows grain boundaries in the weld-decay region of 304 steel after 10%
oxalic acid etching. The grain boundary GB1 with no groove is characterized as a Σ5
CSL boundary (∆θ/∆θc = 0.38), while deeply grooved GB2 and GB3 are random
boundaries (∆θ/∆θc = 1.76 and 2.27). TEM observations in the weld-decay region have
revealed that some grain boundaries accept precipitation, but others do not. For
example, no precipitation is seen at the grain boundary in Figure 4a, while M23C6
precipitates are observed at the grain boundary in Figure 4b. Their misorientations
indicate that they are a Σ9 boundary in Figure 4a and a random boundary in Figure 4b.

Figure 5 shows optical microstructures of heat-treated specimens at 1,000 K after
10% oxalic acid etching. The frequency of grooved boundaries increases with the
holding time at 1,000 K. The time-temperature-intergranular carbide precipitation
diagram given by 10% oxalic acid etching is shown in Figure 6. Solid circles indicate
that grooved boundaries were observed in the specimen. The numbers beside the solid
circles correspond to the number ratio (in percentage) of grooved boundaries to all
boundaries in the specimen excluding twin boundaries, and a + sign means discon-
tinuous grooves at boundaries, as seen in Figure 5b. The frequency of intergranular
carbide precipitation increases with the holding time at every temperature.

Figure 7 shows optical microstructures of a Strauss-tested specimen heat-treated at
1,000 K for 1,000 s. The specimen was oxalic-acid etched prior to testing. The mi-
crostructures were obtained from the same area before and after a bend test, respec-
tively. Some of the grain boundaries were cracked by testing, as shown by arrows in
Figure 7b.

Figure 8 is the time-temperature-corrosion diagram given by the Strauss test of the
heat-treated specimens. Solid symbols indicate that cracked boundaries were detected
after the bend test. The frequency of cracked boundaries is shown (in percentage)
beside the solid circles (excluding twin boundaries). Solid squares mean that the
specimen was fractured during the bend test. The frequency of cracked boundaries
also increases with the holding time at every temperature. These diagrams suggest that
the time required for carbide precipitation and corrosion depends on the grain-
boundary character at sensitizing temperatures. Stickler et al.9 and Cíhal et al.10

reported that general high-angle (random) grain boundaries need shorter time for
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Figure 10. Intergranular carbide precipita-
tion and the deviation angle from the CSL
relationship in 304 steel during sensitization
at 1,000 K.
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carbide precipitation and corrosion than twin boundaries. However, Figures 5 and 7
indicate that the time is different even among general high-angle boundaries, sug-
gesting that the time may depend on the grain-boundary structure.

Figures 9 shows grain-boundary structures as revealed by TEM in a specimen heat-
treated at 1,000 K for 100 s. Intergranular carbide precipitation is detected at the grain
boundary in Figure 9b, but not at the grain boundary in Figure 9a. Grain-boundary
characterization with Kikuchi patterns revealed that the nearest CSL relationship is Σ9
for both grain boundaries, but the values of ∆θ/∆θc are 1.45 and 2.54 for the grain
boundaries in Figure 9a and 9b, respectively. The grain boundary with the smaller ∆θ/
∆θc has no carbide.

Figure 10 shows the borderlines33 between grain-boundary precipitation and no
precipitation during sensitization at 1,000 K for 102–104.5. In the figure, the Σ value of
the nearest CSL is taken as abscissa, and the deviation angle ∆θ from the CSL is the
vertical axis. Increases in ∆θ and Σ value mean decreases in the regularity of grain-
boundary structure.6 The grain boundaries with lower regularities in the region above
the borderline accept intergranular precipitation at the holding time. The borderlines
can be described by ∆θ/∆θc (i.e., ∆θ/∆θc = 2.4, 2.0, 1.4, and 0.3 for 100 s, 320 s, 1,000 s,
and 32,000 s, respectively). The figure reveals that a more ordered boundary needs
longer time for carbide precipitation and corrosion than a less ordered boundary. This
tendency may result from more difficult nucleation and a lower growth rate of carbide
at a more ordered boundary because of lower grain-boundary energy.

At 1,000 K, the ∆θ/∆θc decreases with an increase in holding time. If the grain-
boundary structure could be kept smaller than the ∆θ/∆θc by grain-boundary engi-
neering,19,20 intergranular precipitation and corrosion would not occur. The ∆θ/∆θc is
much larger than one at a short holding time (about 2.5 at 100 s and 2 for 500 s); the
character as a Σ boundary may be valid with somewhat larger deviations than
Brandon’s criterion for a shorter time sensitization. This suggests that the conditions
to prevent intergranular carbide precipitation by controlling grain-boundary charac-
ter are not very severe for a short-time exposure to a sensitizing temperature, such as
in welding thermal cycles. Grain-boundary engineering19 could inhibit the weld decay
of austenitic materials.
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