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INTRODUCTION 

A stressed material that cracks in an aggressive environment 
has structural characteristics and defects that have influenced 
its failure. The relationship of the defects and structural 
characteristics to stress corrosion is the concern of the physical 
metallurgy of stress corrosion cracking (SCC)~ 

An appreciation of the defecteq structure of materials is 
therefore necessary to understand, control, and prevent environ
mental degradation. This discussion presents a broad, general 
overview of the levels of struCture,. the defects that exist, and 
their interplay with stress and environment; 

The levels of structure (Table I) that exist in materials 
provide a basis for developing the physical metallurgy of sec. 

TABLE I. LEVELS OF STRUCTURE 

Atoms 
Unit cells 
Crysta 1 s 
Microstructure 
Macrostructure 

In addition to the levels of structure, it is n~cessary to consider 
that all materials contain de-fe.cts (Table II); These defects are 
related to structure and interact with the environment and stress 
fields. The objective of this paper will be to review structural 
characteristics, the defect solid state, and their simultaneous 
interaction with stress and environment.· 

TABLE II. IMPERFECTIONS 

Point 
Vacancies 
Interstitial atoms 
Impurity atoms 

Linear 
Dislocations 

Planar 
Grain boundar.ies 
Interphase interfaces 
Cracks 
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DISCUSSION 

Unit Cells 

Atoms have their own levels of structure which are neglected 
in this general view of how groups of many atoms react to stress 
and aggressive environment. During solidification, atoms are 
added to the solid nuclei in an orderly way which can be described 
by its unit cell, the basic building block for subsequent crystal 
growth. The three most common unit cells for metals are: body
centered-cubic (bee), face-centered-cubic (fee), and hexagonal
close-packed (Figure 1). Unit cells have unique and prescribed 
spatial and angular relationships between the atoms, which are 
repeated over large atomic distances to form metallic crystals. 
The metal's structure is dependent on its composition and tem
perature; these relationships are describe·d by phase diagrams. 

The Cu-Zn (brass) phase diagram (Figure 2) shows the relation
ships among the crystal structure, composition, and temperature. 
This diagram represents many of the typical phase relationships 
and transformations possible in metallic sys.terns. 

An example of the possible rol~ of structure in sec is found 
1n a-brass: the fee structure existing up to 35 at. % zinc is 
susceptible to sec in _ammonium nitrate solutions, but not in water 
or water vapor; while S-brass (bee) is susceptible to SCC in water 
vapor alone. However, this difference may be caused by the compo-. 
sitional differences as well as the structural differences. 

Another example of the effect of structure on susceptibility 
to sec is Type 304 austenitic stainless steel (fee), which is very 
susceptible to Cl- stress corrosion. If the carbon and nitrogen 
contents are below the usual level, the structure becomes ferritic 
(bee), and the alloy's resistance to Cl- cracking is significantly 
increased. The ferritic structure may also be induced by defor
mation at low temperature~ and likewise this deformation-induced 
bee structure is more resistant to chloride stress corrosion than 
the fee austenite. Thus, in brass and stainless steel, the unit 
cell or crystal structure appears to have a significant effect on 
the susceptibility to sec .. 

Point Defects 

Solidification of a metal or alloy occurs by addition of 
atoms i11 a nearly regular and ord~rly fashion to individual nuclei 
with the appropriate crystal structure. However, there are occa
sional errors or incorporation of defects into the metal lattice. 
If an atom is mis?ing from a regular lattice site, a vacancy is 
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created (Figure 3). Vacancies are very important to many of the 
properties of materials, and perhaps their most significant con
tribution is to allow substitutional diffusion of atoms to occur 
in the solid state. 

All metals contain vacancies; in fact, a certain number of 
vacancies are required for thermodynamic equilibrium. The number 
of vacancies required for equilibrium increases with temperature; 
and, by quenching from a high temperature, .th.e excess concentration 
of vacancies may be preserved at a low temperature. That is, the 
number of vacancies existing at the lower temperature is many more 
than would'normally exist. Very pure alurnini.lln, like most high 
purity metals, is not generally susceptible to chloride SCC. How
ever, high purity Al (99.9999) quenched from near its melting 
point so that the vacancies existing at the high temperature were 
retained was found to be extremely susceptible to intergranular 
chloride SCC. After annealing;_ which reduced the number of excess 
vacancies, the material again became. immune to sec. 

The vacancy is only orie form· of point.defect; there are several 
others. As the vacancy leave.s a normal lattice site empty. its 
opposite, .in a sense, is the interstitial atom (Figure 3) which 
occupies a position between normal lattice sites. As can be seen 
in Figure 3, both vacancies and.interst:it:i.als-perturb the lattice 
and create a strain field which ~~uses them to interact with other 

·Structural characteristics and defects. Other important point 
defects are impurity atoms in a pure metal that asstime either sub
stitutional or interstitiai sites (Figure 4). Defects also distort 
the "perfect" lattice and increase the energy of the system. 

Many of the physical and.mechanical properties of metals are 
significantly influenced by point defects. For example, solid
state diffusion, the yield point in. iron, and martensitic trans
formations are influenced by point defects ~nd are also thought 
to be important in sec. Two of the most common interstitials in 
steel are carbon and nitrogen atoms. The influence of carbon on 
the sec of mild steel in solutions containing nitrate ions is 
complicated, as shown 3chcmatically in Figure 5. Carbon-free 
material is not susceptible, but the introduction of a small 
amount of carbon promotes cracking. ·The cracking becomes less 
severe as the carbon content increases. Nitrogen acts in a 
similar way. Exactly wh~ the presenc~ of interstitials influences 
sec so much is not well understood. 

Dislocations 

Metal crystals are not as strong as they theoretically should 
be. In the early '30's, Orowan, Taylor, and Polanyi independently 
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hypothesized the existence of linear defects to account both for 
their low strength and extensive plastic deformation. Two basic 
kinds of dislocations were suggested, edge dislocations and screw 
dislocations (Figures 6 and 7) to account for the plasticity effects 
observed in metals. Initially, the existence of dislocations was 
widely debated but ultimately proven when optical, electron, and 
x-ray microscopy provided abundant evidence of their existence. 
Electron micrographs of dislocations in metals (Figure S) have 
shown their interactions and many of the restrictions on their 
motion. 

Near the core of the edge dislocation, the crystal lattice 
is perturbed because the dislocation can be viewed as an extra 
half plane (Figure 6). Therefore, the lattice sites above the core 
are compressed,while the atoms beneath the core are dilated. These 
regions attract point defects, such as interstitial or substitu
tional impurity atoms, whose volume is different from the matrix 
atoms. These defects form "Cottrell atmospheres" that pin the 
dislocations and make their movement more difficult. Clustering 
of a) vacancies ~nrl b) substit\ltional impurities larger than the 
matrix atoms near an edge dislocation is shown in Figure 9. 

I 

The interaction of dislocations and point defects is impor
tant for stress corrosion. Dislocations due to their inherent 
strain fields are in a higher energy state and are chemically 
reactive; therefore, etching studies are able to reveal their 
distribution. Figure 10 shows the dislocations around a hydrogen
induced crack in Si-Fe. Howe.ver, in this case the dislocations will 
not etch unless they have been "decorated" with carbon atoms by a 
low temperature anneal. That is, the lattice disturbance due to 
the dislocation itself is not sufficient to accelerate attack. 
But, if carbon segregates to the dislocations, they become sites 
for preferential corrosive attack. This phenomenon suggests a 
possible role of dislocation-defect interactions in sec processes. 

Another important consequence of dislocation-point defect 
interaction is the ability of the segregated point defects to 
move with the dislocation in response to a stress. This provides 
a means for creating a nonhomogeneous step on the metal surface. 
This step may be more reactive and may increase the susceptibility 
to sec. 

Recall that austenitic (fee) stainless steel was susceptible 
to SCC,but martensitic (bee) stainless steel of the same compo
sition was not. Electron microscopic examination of both structures 
indicates that the dislocations in. the austenite form on specific 
planes (Figure Sa), while in the martensite phase there is a 
highly tangled dislocation struct.ure (Figure Sb). The distri
bution of dislocations is determined largely by the stacking 
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fault energy. The higher the stacking fault energy, the less 
easy it is to form coplanar arrays~ and the dislocations form 
tangles instead of pile-ups. The stacking fault energy of Cu-Al 
and Cu-Zn alloys as a function of composition, the type of dis
location structure, and the occurrence of SCC is shown in Figure 
11. The dislocation distribution affects the type of step 
formed when the dislocation. leaves the surface. The types of 
surface stress formed by coplanar and uniform dislocation motion 
are shown in Figure 12. The coplanar dislocations cause a coarse 
slip-step, which exposes much more new metal that can be attacked 
than the many fine slip-steps caused by uniform motion. Therefore, 
materials that deform by uniform dislocation motion are usually 
more resistant to sec. 

Grain Boundaries 

Crystal growth from a molten state occurs by the more-or
less orderly attachment of atoms to a nucleus in a pattern 
dictated by the unit cell. As these nuclei grow, usually in the 

·form of dendrites, they ultimately impinge on each other, and 
because they are not aligned, the crystallographic faces which 
meet do not match. Therefore, between each grain (single 
crystal) there is a region of mismatch, called the grain boundary. 
Figure 13 shows the development of a polycrystalline solid, and 
Figure 14 shows an exploded view of a model of a grain boundary. 
A grain boundary is 2 to 3 atomic spaces·wide, has a disorderly 
arrangement of atoms, and separates grains of different orienta
tion. In a similar fashion to dislocations, the boundaries serve 
as sinks for impurities and as sites for nucleation of second 
phase particles. An indication of the degree of segregation to 
a boundary can be obtained from microhardness measurements as a 

:function of distance from a grain boundary in decarburized iron 
(Figure 15). The increase in hardness as the grain boundary is 
approached was attributed to tve enrichment of oxygen in and 
near the grain boundary. Such measurements ·ind:lcate general seg
regation of impurities to grain boundaries. 

Because grain boundaries differ chemically from the interior 
of the grains and the atoms do not have the normal number or ar
rangement of nearest neighbors, their electrochemical activity 
differs from the grains. Grain boundaries have been shown to be 
anodic with respect to the interior of the grains and preferen
tially dissolve in an aggressive environment. 

Graj.n boundaries are disordered interior surfaces of a metal 
and may act as preferential nucleation sites. In some aluminum 
alloys where a second phase precipitates preferentially at grain 
boundaries, denuded zones, lean in solute, form between the 

6 -



precipitate and the interior of the grain (Figure 16). These de
nuded regions may be regions of preferential slip·and may be 
preferentially attacked in a corrosive environment. Minimizing 
the denuded ZOll:eS by special heat treatment improves SCC resistance. 

The influence of grain size on the strength characteristics 
of metals is generally given by the Petch-Hall relation: 

a 
y 

= a. + kd-~ 
1 

where a = yield strength, a. = lattice friction stress, d = grain 
diametet, and k is a constant. The yield strength of steel as a 
function of prior austenite grain size is shown in Figure 17 to 
follow the Petch-Hali relation, while Figure 18 shows that the 
time to failure in a sodium chloride solution is similarly a 
function of the grain size. Similar dependence of stress corrosion 
susceptibility on grain size was found for mild steel in solutions 
containing nitrate ions (I"igure 19) arid for stainless steels 
and aluminum alloys. This dependence strongly suggests that the 
stress corrosion characteristics are contrqlled by the dislocation 
motion. The larger grains result in larger pile-ups of dislocations 
at barriers. The pile-ups subsequently initiate slip at lower 
applied stresses and expose new metal -to the environment (Figure 
20). By decreasing the grain sfze, both the yield strength and 
the stress corrosion life can be increased. 

Intergranular and Transgranular Cracking 

Stress corrosion cracks follow the grain boundaries in some 
systems but cut across the grains in others (Figure 21). The 
crack path depends on the alloy, the nature of the dislocation 
structure, and the temperature. Intergranular cracking has an 
obvious structural dependence, while transgranular cracking does 
not. However, when the role of dislocations in transgranular sec 
was interpreted by transmission microscopy, its relation tu 
structure was established. The crack path may be varied by 
changing some of the conditions (e.g., amount of deformation or 
the pH of the solution). In both intergranular and transgranular 
cracking, the crack path is related to the structure. 

Macrostructure 

The last level of structure to be considered is macrostructure. 
This structure is usually indicative of the fabrication process. 
Three examples of the consequence of macrostructure on SCC will 
be considered: texture, residual stresses, and flaws. 
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Texture 

If the grains of the metal have a random orientation (Figure 
22a), the metal will have the same properties in.all directions; 
but, if the grains are aligned (Figure 22b), properties like 
strength, magnetism, and resistance to SCC will vary with direction. 
The clearest sec evidence of this was demonstrated with wrought, 
high-strength aluminum alloys. · Tensile stresses perpendicular to 
the direction of rolling caused the alloys to be very susceptible 
to sec, but were not very susceptible if the stresses were parallel 
to the rolling direction. Figure 23 shows a typical SCC crack in 
an aluminum alloy. The. stress was in the horizontal direction, 
and it is obvious that the rolling direction was vertical. The 
grain boundaries are lined up in the vertical direction and are 
not as well lined up in the horizontal direction. sec therefore 
proceeded much more rapidly along the aligned boundaries parallel 
to the rolling direction. - · 

Residual Stresses 

Residual stresses are not tFuly structural features but re
sult from the fabrication process. However, they are very important 
causes of SCC. They most frequently .develop from welding operations 
due to the plastic flow that,occurs near the molten pool. Thermal 
~ontraction between the weld metal·and the base metal produce re
sidual stresses that are near the yield stress and vary as a 
function of distance from the weld (Figure 24). The presence of 
these stresses in a structure, even· in the absence of operating 
stresses, may cause failure from the combination of residual 
stress, alloy, and environment. Cracks formed in welded mild 
steel plates that were simply immersed in nitrate solutions 
(Figure 25). 

Flaws 

The final example of the influence of macrostructure on SCC 
is the presence of fabrication flaws.· The fabrication of any 
structure will result in the presence of flaws, and welding flaws 
are particularly common (Figure 26). From an SCC view, flaws are 
particularly bad becaus.e they circumvent the ini ti a ti on state of 
sec, allow the rapid establishment of crack tip chemistry, and 
serve as stress concentrators leading to high stress intensities 
and the possibility of rapid SCC growth. Reducing the number of 
observed flaws by repair will improve structur~l resistance to sec. 
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CONCLUSION 

The metallurgy of.SCC, the. relationship between structure 
and defects, and the susceptibility. to cracking have been pri~ 
marily an analytical pursuit. However, the knowledge gained 
provides a basts for the synthesis and design of structural 
materials to minimize SCC and other forms of environmental de
gradation. This is the .formidable.challenge of the physical 
metallurgy of sec in the future •. 
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a. Low Stacking Fault Energy 
Coplanar Structure 

b. High Stacking Fault Energy 
Tangled Structure 

FIG. 8 Dislocation Structures (P. K. Swann) 
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FIG. 13 Growth of Grains to Form a Polycrystalline Structure 
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FTG. 16 Transmission Microqraph Showing Denuded Zone Adjacent 
to Grain Boundary Containin~ Precipitates 
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FIG. 21 Stress Corrosion Cracks in 304L Stainless Steel 
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FIG. 23 Intergranular Crack in a High Strength Aluminum 
Alloy Showing the Crack Parallel to the Direction 
of Grain Elongation 
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FIG. 25 Stress Corrosion Cracks near a Repair Weld in Mild 
Steel from Exposure to Sodium Nitrate Solution 
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FIG. 26 Welding Defect from Shrinkage during Solidification 
(R. E. Baker and R. P. Newman) 
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