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ABSTRACT 

The orientation dependence of pitting in single crystal beryllium (Be) is 
compared to the observations for single crystal zinc (Zn) reported by 
other investigators. The pit walls in stable propagating pits for prism 
planes were always square; in the (ioio) surface the walls were normal to 
the [oooi] and directions while in the (11%)) surface the walls were 
normal to the [ O O O ~ ]  and [iioo] directions. In addition, for the ( i o i o )  and 
(1 120) surfaces the pit interiors were characterized by crystallographically 
oriented parallel plates of unattacked Be. The orientation of these lamella 
was quite different than those observed in Zn. To explain this difference, 
the electron density distributions in the metal lattices are analyzed. A 
conceptual model for crystallographic pitting is introduced. In this model 
it is proposed that the crystallographic pits observed in single crystal hcp 
metals reflects the bond energy in the lattice. 

INTRODUCTION 

For many sys tems, the susceptibility of polycrystalline metals to pitting corrosion 
has been shown to be related to crystallographic orientation. In the hope of understanding 
the mechanism by which this phenomena occurs, many investigators have resorted to 
studying single crystal materials. In the case of fcc Al( 1) and bcc Fe(2) single crystals the 
close-packed planes ((111) and (110) respectively) have been found to be the most 
susceptible to pitting corrosion while in hcp Zn(3) the close-packed plane (oooqhas been 
found to be the most resistant to pitting corrosion, For single crystal beryllium (Be) in 
0.01 M sodium chloride it has been shown that the pitting potential decreases with 
crystallographic orientation in the order (0001) > (ioio) > (1120)(4). It was also shown that 
the pit inorphology was crystallographic in nature. 

The purpose of this study is to examine the orientation dependence of pit 
propagation with respect to properties of the metal lattice. Specifically, this paper will 
investigate the role of electron density distribution and metal-metal bonding on pit 
propagation. 



EXPERIMENTAL METHODS 

Electrodes were fabricated from one zone refined Be single crystal (99.99% Be via 
ICP analysis) that was sectioned using electrical discharge machining. Mechanical methods 
for cutting the crystal resulted in cleavage along the basal planes. Experiments were 
conducted on the following surfaces: (0001) the basal plane, (ioio) a Type-I prism plane, 
and ( I  150) a Type-I1 prism plane. The orientation of each electrode surface was confirmed 
with the Laue backreflection x-ray method. The Laue spots in each pattern were distinct 
(no doubles were noticed) and undistorted indicating that twinning and dislocation densities 
were low, although some twinning (< 1% surface area) along (ioi2) planes, consistent with 
the known twinning systems in Be(5), was noted in the surface of the (ioio) electrode after 
grinding. After sectioning, electrical leads were connected to the back of the samples with 
silver paint and epoxy and then set in mounting epoxy. Samples were prepared for 
electrochemical experiments by grinding with successively finer grits of S i c  paper using an 
outer (removable) "cheater" ring to keep the sample flat and minimize work hardening. The 
final S i c  grit was 1200. Grinding was followed by successive polishing with 3 pm and 1 
pm diamond spray and finishing with colloidal silica. Grinding and polishing at low loads 
(10 N) and wheel speeds (e 200 rpm) also helped to minimize work hardening of the 
surface. The final surfaces had mirror finishes and were within 3' of the referenced plane. 
Attempts to remove work hardening with chemical, slurry attack, and electrolytic polishing 
left numerous corrosion pits (on the order of 10-20 pm) in the sample and, therefore, were 
not used. Although the final surfaces may have some small degree of work hardening (% 
elongation in high purity single crystal Be is on the order of 3-6%) (6, 7), it is well 
documented that work hardening has no effect on Eplt in polycrystalline samples (ref. (8, 9) 
and references therein). For single crystal samples, analysis of separate studies 
Yu/Natishan( 10) and Davis/Natishan( 1 1) reveals that trends in Eplt with orientation are 
identical for electropolished (Yu) and mechanically polished (Davis) samples. 

To eliminate crevicing at the epoxy/metal interface and mask any small (0001) 
cleavage fractures at the sample edges, the polished surface was masked with electroplating 
tape (3M) in a method similar to that described by Yu(l0). In this masking procedure a 
hole was cut in a piece of tape with a punch. This piece of tape was then laid on the sample 
surface. Edges at the tape/electrode interface were sealed by flattening the tape with a glass 
rod. The final exposed area of the sample measured approximately 0.2 to 0.3 cm2. While 
this procedure acted to mask all small fractures and gaps at the Be/epoxy interface, it is also 
worth noting that masking the sample in this manner (or with a sealant such as Glyptol) 
also produces a desirable change in the current distribution at the interface. For primary 
current distribution (equipotential surface), the theoretical current density for a 180" 
interface (epoxy mounted Be) is infinite as the resistance approaches zero at this 
interface(l2). For a 90" boundary (Be/tape) the resistance is finite and, therefore, the 
theoretical current density is limited. 

Be pit geometries report here were generated by polarization above the pitting 
potential in deaerated sodium chloride solution. This solution was near neutral 0.01 M 
sodium chloride prepared from deionized water (MilliQ Gradient). Deaeration was 
achieved by bubbling with ultrahigh purity argon for a minimum of eight hours prior to 
running experiments, All potentials were measured vs. a saturated calomel electrode 
(SCE). Electrochemical measurements were conducted, at a minimum, in triplicate to 
ensure reproducibility. The open circuit potential (OCP) of each sample was monitored for 
1 hour prior to beginning experiments to ensure steady state. The scan rate for the 



potentiodynamic polarization curves was 0.05 mV/s. All experiments were conducted by 
placing both the cell and electrometer inside a grounded Faraday cage designed to minimize 
RF and electromagnetic interference (layered steel and copper). Data were collected with a 
PAR 273A potentiostat, 590 Hz low pass current filter, lx107 R current measuring 
resistor, high stability bandwidth, 66% point averaging, and Corrware2 software. 

RESULTS 

Post polarization examination of the Be surface revealed that the morphology of 
stable corrosion pits could be correlated with the crystallographic orientation of the 
electrode surface. SEM micrographs of typical corrosion pits in the (ioio), (ilk), and, 
(000 1) surfaces generated potentiodynamically above the pitting potential are presented in 
Figure la-c. In plan view, corrosion pits on the (ioio) and (1150) surfaces appear to be 
asymmetric. On some occasions initiation sites (less than 10 mm in diameter) with 6-fold 
and 3-fold symmetry were noted as previously reported". Occasionally, propagation was 
correlated with a high indices crystallographic direction found as seen in the SEM 
micrographs in la. However, the pit walls in stable propagating pits for these orientations 
were always square; in the (ioio) surface the walls were normal to the [ O O O ~ ]  and [izio] 
directions while in the (1120) surface the walls were normal to the [ O O O ~ ]  and [iioo] 
directions. In addition, for the (ioio) and (1 120) surfaces the pit interiors were characterized 
by crystallographically oriented parallel plates of unattacked Be. At low propagation depths 
these parallel plates of unattacked Be closely resemble the "lamella" found in Zn(3, 13, 14). 
At greater depths the Be lamella were transformed to small "wires" or fibers of uniform 
diameter as seen n Figure 1. For the Be (ioio) surface, the orientation of the lamella (fibers) 
was parallel to the [OOOI] direction and normal to the (ioio) surface. For the Be (11%) 
surface the lamella were parallel to the [oooi] direction and normal to the (1 150) surface. In 
comparison to the (ioio) and (1120) surfaces, the interiors of corrosion pits formed in the 
(000 1) surface lacked any crystallographic orientation, however, propagation was often in 
the < 1 oio > and < i2io > families of directions (Figure IC). In addition, the pit interiors for 
the (0001) surface were characterized by the same wires observed in the (IOIO) and (1150) 
surfaces. The face (diameter) of these fibers was normal to the [0001] direction while the 
length was parallel to the [OOO~] direction. This orientation corresponds to the directions of 
fibers in the (ioio) and (1 150) surfaces. That is, for all orientations the face (diameter) of the 
fibers was in the plane of the (0001) surface while the length of the fibers were normal to 
the (0001) surface. 

DISCUSSION 

In Zn, the surfaces of the unattacked lamella found on the pit interior were normal 
to the [ O O O ~ ]  direction in both the (ioio) and (1150) electrodes (as described by Guo (3), 
Figure 2) .  In addition, corrosion pits in the (0001) surface of Zn were shallow and found to 
be associated exclusively with six fold symmetry. Finally, the (0001) surface in Zn was 
associated with the highest pitting potential. Therefore, it was concluded in the Guo et al. 
study that the lamella in the (ioio) and (11%) surfaces were (0001) planes that remained 
unattacked due to the enhanced resistance of the (0001) plane to active dissolution. 
a It is recognized that these planes do not have 6-fold or 3-fold symmetry. 



The rotation of the lamella (fibers) in Be by 90" with respect to the lamella in Zn 
indicates that crystallographic dissolution may owe to a mechanism other than enhanced 
resistance of the (0001) plane described by Guo et al. Consider the lattice dimensions of Be 
and Zn. For the Zn lattice the c and a dimensions are 0.4947 and 0.2665 nm. These 
dimension yield a c/a ratio of 1.856. For Be, however, the c and a dimensions of the lattice 
are 0.3577 and 0.228 1 nm, which yields a c/a ratio of 1.56. In addition the43 LI distance 
for Be is 0.395 1 nm which is 0.0374 nm greater than the c distance, For Zn the 43 
distance is 0.461 nm which is 0.0337 nm less than the c distance. These lattice dimensions 
are at opposite ends of the spectrum in hcp metals and indicate that the Be lattice is more 
closely packed in the c direction as compared to Zn. The contraction of the Be lattice (or 
expansion of the Zn lattice) owes to a higher degree of bonding in the c direction relative to 
the a direction. The degree of metal-metal bonding can be inferred from the electron 
density (~(xyz))) in the lattice which is given by the generalized expression: 

where, V is the volume of the unit cell, h,k,l are the Miller indices, and F is the structure 
factor(5). Tabbernor and Fox (15) and as well as Larsen et a!. (16, 17) have used the 
maximum entropy method (MEM) and structure factors calculated from x-ray Pendellosung 
data to determine the electron density maps (EDM) for both Be and Zn (Figures 3 and 4). 
In these maps the tetrahedral sites (T, in-plane) and octahedral sites (0, out-of-plane) in the 
hcp lattice Several other fiduciary marks (A, B, C) are also shown. 
Decreasing electron density occurs in the direction of the tic marks on bold contour lines. 
Thus, atom centers are noted by the concentric circles and depleted electron density. In the 
electron density map for Be, the charge maximum occurs at location C (position (112, 1/4, 
0) in the lattice) between the two tetrahedral sites. The Be EDM is also characterized by a 
zone of depleted electron density. This zone (valley) runs along the c direction in the lattice 
and connects all of octahedral sites as seen in Figure 3. 

Larsen et al. have used also used MEM and the multipole refinement method to 
construct a model of the critical point network for bonding in Be(18). In this model, the 
metal ions are immersed in and bound through an inter-meshed network of negative charge 
that is loosely bound and delocalized. These charge concentrations are referred to as 
non-nuclear maxima (NNM). Thus, bonding in the lattice is not between atoms per ser, 
rather, through these NNM. It was shown that two NNM exist in the Be lattice, one 
between the tetrahedral sites (NNM1, C in Figure 4) and a second at the octahedral site 
(NNM2, 0 in Figure 3). In the bulk, each NNMl is associated with 5 Be atoms while each 
NNM2 is associated with 6 Be atoms. This results is three types of bonds in the Be lattice: 
Bondl between atoms and NNMl, Bond2 between atoms and NNM2, and Bond3 between 
NNMl and NNM2. Bondl may be considered as a closed shell interaction while Bond2 
may be characterized as a shared interaction, Although the Be atoms on either side of the 
depletion wells in the EDM for the (1 120) plane do interact via NNM2 and shared electrons 
at location 0, NNM1 is the strongest bond. Therefore, with respect to the (1120) plane, 
removing a surface Be atom increases the energy of atoms associated with the three in plane 
and one below plane NNM1 disproportionately in comparison to the atoms associated with 
the four below plane NNM2. From a purely bonding perspective, one would conclude 
from this model that it is easiest to remove Be atoms from (1 150) plane in the c direction. 
As it applies to corrosion electrochemistry, it is proposed that the crystallographic pits 

are indicated. 



observed in single crystal Be reflects the bond energy in the lattice, that is, dissolution is 
not via random adatoms or kink sites on the active surface, rather, it favors lattice position 
based on bond energy. It remains to be demonstrated that the differences in pitting 
potential and metastable pit activity as a function of surface orientation reported 
elsewhere(4) may also be related to bond energy. However, one might speculate that the 
pitting potential in single crystal materials where crystallographic pitting is observed is 
related to a threshold bond energy for the surface orientation of interest above which atoms 
can be removed from the crystal. 

In contrast to Be, the EDM for Zn shows a maximum in electron density between 
atoms of the close-packed plane (point B in Figure 4). More importantly, although the 
minimum in electron density still occurs at the octahedral sites, the valley of electron 
depletion that linked together these octahedral sites is not observed in the EDM for the 
( I  120) plane in Zn. While the critical-point network for Zn is not available at this time, 
given that the EDM is an accurate reflection of bonding in the lattice as demonstrated for 
Be, from a purely bonding perspective one would conclude from these data that it is easiest 
to remove Zn atoms from the (1 120) plane in the a direction. This coincides with the pit 
propagation direction observed in Zn by Guo et al. From these result it is proposed that 
there is a universal model for crystallographic pitting in hcp materials that is related to bond 
energy as proposed for Be. 

SUMMARY 

The crystallographic nature of corrosion pits in the single crystal hcp materials Be 
and Zn have been analyzed within the context of lattice bonding. In Be, lattice bonding 
occurs through non-nuclear maximum (NNM 1 and NNM2) which are an inter-meshed 
network of negative charge that is loosely bound and delocalized. Be bonds with the 
NNM 1 may be considered closed shell bonds while bonds with NNM2 may be considered 
as shared. Removing a surface Be atom from the (11%) plane increases the energy of 
atoms associated with the three in plane and one below plane NNMl disproportionately in 
comparison to the atoms associated with the four below plane NNM2. From a purely 
bonding perspective, one would conclude from this model that it is easiest to remove Be 
atoms from (1 1%) plane in the c direction. In contrast, to Be, the electron density map for 
Zn one would conclude that it is easiest to remove Zn atoms from the (1 120) plane in the a 
direction. This disparity in bonding accounts for the observed differences in the 
crystallographic pitting in these materials. It is proposed that there is a universal model for 
crystallographic pitting in hcp materials that is related to bond energy 
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Figure la. SEM micrograph of crystallographic pitting in the Be (ioio) surface. 

Figure Ib. SEM micrograph of crystallographic pitting in the Be (1 120) surface. 

Figure IC. SEM micrograph of crystallographic pitting in the Be (0001) surface. 



Figure 2a. SEM micrograph of the interior of a stable corrosion pit in the (IOiO) surface of 
single crystal Zn generated in 0.lM NaCl / HCO,’ solution. (From Gou (3), reprinted with 
permission of the publisher, NACE, Houston). 

Figure 2b. SEM micrograph of the interior of a stable corrosion pit in the (I 120) surface of 
single crystal Zn generated in 0.1M NaCl / HC0,- solution. (From Gou (3), reprinted with 
perniission of the publisher, NACE, Houston). 



Figure 3. Electron density distribution for the (1120)surface of Be. Map has the same 
orientation as the SEM micrograph in Figure 1. Atom centers are denoted by concentric 
circles. Dark lines indicate changes in contour direction, thus, single arrow indicates 
contours of increasing magnitude while double arrow indicates a "valley" of depleted 
electron density. The maximum in electron density occurs at the tetrahedral site in the 
lattice (T) while the minimum occurs at the octahedral site (0). (From, Tabbernor & Fox 
( 15), reprinted with permission of the publisher, Taylor & Francis, Philadelphia) 

Figure 4. Electron density distribution for the (1120)surface of Zn. Map has the same 
orientation as the SEM micrograph in Figure 2b. While the minimum still occurs at the 
octahedral site, the maximum occurs at the point marked as '8. This prevents the formation 
of a depleted region connecting the octahedral sites as in the case of Be. (From, Tabbernor 
& Fox (15), reprinted with permission of the publisher, Taylor & Francis, Philadelphia) 


