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ABSTRACT

We present a method for assessing the relative vulnerabilites of distinct classes of
grain boundaries to localized corrosion. Orientation imaging microscopy provides a
spatial map which identifies and classifies grain boundaries at a metal surface. Once the
microstructure of a region of a sample surface has been characterized, a sample can be
exposed to repeated cycles of exposure to a corrosive environment alternating with
topographic measurement by an atomic force microscope in the same region in which the
microstructure had been mapped. When this procedure is applied to Ni and Ni-based
alloys, we observe enhanced attack at random grain boundaries relative to special
boundaries and twins in a variety of environments.

INTRODUCTION

Advances in the engineering of grain boundaries in materials have been facilitated in
recent years by the commercialization of a scanning electron microscope (SEM)
technique, known as orientation imaging microscopy (OIM™) [1,2,3], for automated
indexing of electron diffraction backscattered Kikuchi patterns (EBSP). Using the
nanometer-scale resolution of an Atomic Force Microscope (AFM), it is now possible to
image the surface topography associated with the incipient stages of intergranular
corrosion. Therefore, if the microstructure of a particular region is mapped with OIM,
then subsequent alternation of corrosion and AFM imaging will reveal relative degree of
attack associated with each grain boundary type during progressive stages of corrosion.
In addition, it is possible to determine whether incipient stages of pitting corrosion are
correlated in any way with microstructure. The work presented below is a demonstration
of the coupled application of OIM and AFM to the corrosion of Ni-containing alloys in
various Corrosive environments.
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EXPERIMENT

Metallographically-polished coupons of 316L stainless steel, Inconel 600, and
commercially-pure, 201-grade Ni were first 1maged Wlth OIM to map their
microstructures and grain-boundary orientations. [* Indents were made in the samples to
identify the locations mapped with OIM. The OIM set-up automatically acquires and
processes EBSP’s for determination of local orientations, misorientations, and
microtexture. The interaction of the electron beam and the specimen generates an EBSP
by the backscattering of electrons from favorably oriented crystal planes. Individual
orientation measurements are made at discrete points on a sample; the locations of the
points are defined by a grid of dimensions prescribed by the user (both in the width and
height of the grid as well as the spacing between points on the grid). At each point in the
grid, the backscattered Kikuchi diffraction pattern is captured, frame averaged and
antomatically indexed. The three Euler angles that describe the orientation are recorded
along with coordinates describing the position. Thus, images (or maps) can be generated
by mapping the crystal orientation onto a color or gray scale and shading each point on
the grid according to some aspect of the crystal orientation. Alternatively,
misorientations between points can be indicated by drawing boundaries that are color
coded by type of boundary, as for example, special or random. Boundaries with Z 29
are consulered to be special while boundaries with Z > 29 are considered random.

Next, the samples were imaged with AFM in the vicinity of the indents. In each
case, the as-polished surfaces had rms roughnesses below 2 nm. From then on, exposure
of the samples to agueous, corrosive environments under open- cirenit conditions was
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alternated with ex situ imaging of the surfaces with AFM. The presence of the indents
enabled the AFM to image regions which had already had their microstructures mapped
with OIM. In this way, it was possible to follow the progression of attack of individual
orain houndaries. The AFM measurements were made use of a Digital Instruments
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DM3100 head, operated with etched silicon cantilevers in non-contact mode, in which the
tip is positioned sufficiently far from the surface that the attractive region of the force
curve is sampled.

RESULTS

Figure 1 displays a 75-micron AFM image and an OIM image of the same region of
an electropohshed surface of Inconel 600. In figure 1a and subsequent AFM images
represented in three dimensions, the grey scale is associated with height in such a way
that raised areas are brighter relative to depressions. In figure 1b and subsequent OIM
images, the random boundaries are shown in solid black, and the special boundaries are

in grey. The pair of images shows that only the random bOl.ll’ldaI‘lCS were attacked
discernibly.
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Figure 1: (a) AFM and (b) OIM images of of the same region of an
electropolished Inconel 600 surface. In (a), increasing depth is shaded
darker. In (b), random grain boundaries are shown in solid black, and

special boundaries are grey.
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Figure 2: AFM images of the same region of an N201 nickel surface (a) as
polished, and after (b) 6 hours, (c) 8 hours, and (d) 11 hours of immersion in
90C SAW,; (e) Corresponding OIM image with random boundaries in black

and special boundaries in grey.
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Figure 2 presents a time series of 100-micron AFM images acquired after various
stages of corrosion in 90C Simulated Acidified Well Water, (SAW) whichisa
concentrated version of ground water extracted from Yucca Mountain, NV, with pH=2.7.
The surface was initially mechanically polished, and the OIM image of the starting
surface is shown in figure 2e. Figure 2a is an AFM image of the mechanically-polished
surface, which shows no indication of many of the random grain boundaries which
appear after the sample is immersed in the SAW. Figures 2b, ¢, and d show the same

region of the surface following 6 hours, 8 hours, and 11 hours of immersion in SAW,
respectively. As in Figure 1, those grain boundaries which are attacked most heavily are

the random grain boundaries.

Table I Ionic Concentrations in SAW, in ppm.

Ca | 58 Mg 53 K 4300 Na* | 43,000
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3
Si| 50 SO | 40,000 Cr 27,000 NOy 24,000

Junctions of three or more grain boundaries are of particular interest, because attack
of such junctions at the metal surface could open a one-dimensional path that could
meander through the bulk metal. We have found that under certain conditions, triple

j‘d"lCt;OﬂS of three or more random grain houndaries on A]lnv 22 may be more QllQ(‘Pf\flble

to localized attack than junctions of special boundaries.. As an example, figure 3 shows
an AFM image of such a triple junction of three random grain boundaries on an initially
metallographlcally—pohshed specimen of Alloy 22, which was immersed in 2M HCl for |
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CONCLUSIONS

The combination of OIM and OFM offers a means to identify the microstructural
origins of localized attack on a corroding surface, and to quantify the relative degrees

attack at distinct types of grain boundaries. On three different alloys containing nickel,
each exposed to a different environment, we have found that random grain boundaries
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exhibit enhanced vulnerability to corrosion relative to special boundarles.
Further work might investigate possibilities for engineering microstructure in order

to diminish the susceptibility of the materials studied here to corrosion at grain
honndariee and trinle innctiong
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AFM Image of Allov 22 exposed to 2 M HCl for 1
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Figure 3
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the triple junction in (a).
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