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Technical Section

Technical Objectives

The objectives of this work were to determine the effects of thermal exposure
temperature and time on the environmentally induced cracking behavior of 5XXX
monolithic aluminum alloys developed for naval applications. This type of approach,
equipment and testing capabilities available at CWRU can address similar issues in
other metallurgically relevant materials (e.g. Mg, Ti, etc.) if interest evolves in those
systems.

5XXX Aluminum alloys are generally considered non-heat treatable alloys, as they
contain solid solution additions of Mg. 5XXX alloys generally possess good corrosion
characteristics, ductility, and toughness, depending on the temper designation. The
annealed temper (i.e. O temper) is the lowest strength condition, and could represent
the temper likely present near the heat affected zone of a welded 5XXX structure, or
near the nodes in a truss structure. The H321 temper applies to products that are strain
hardened after processing, while the H116 temper applies to products that acquire
some strain hardening during working at elevated temperatures. Each of these tempers
could be relevant in a naval structure, depending on the fabrication and joining
technique utilized.

Other issues of relevance to 5XXX alloys are aspects related to sensitization of this
material at low temperatures (e.g.< 100 °C) for long periods of time (e.g. up to 2+
years). These types of exposures may change the mechanical behavior, including their
susceptibility to environmentally assisted cracking (EAC). Very little of this information
exists for thermal exposures and times relevant to actual applications in the literature,
although such exposures will be relevant for any naval structures manufactured from
5XXX-type alloys.

Our work involved a systematic study to determine the effects of changes in temper
(e.g. H131, H116), thermal exposure conditions (i.e. time, temperature), and
environment (e.g. dry air, humid air, solutions) on the environmental cracking
susceptibility at different loading rates in both the S-T and L-T orientations.
Experiments were conducted using slow strain rate tension (SSRT), fatigue crack
growth using dcPD, and experiments conducted on fatigue precracked samples to
determine the effects of changes in loading rate on cracking susceptibility. In addition,



access to high-resolution tomography occurred via a visit to the Harwell Diamond Light
Source (DLS), UK, where in-situ cracking experiments were conducted as well as
tomography experiments on previously tested samples. Regimes of EAC susceptibility
were determined and the effects of changes in loading rate and solution on this
susceptibility were determined.

Technical Approach

The technical approach followed in this completed work has been to conduct quasi-
static fracture and fatigue experiments on 5XXX commercial aluminum alloys of interest
to the Navy, shown in Figure 1.
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Figure 1: Typical 5XXX alloys and those tested in this work (i.e. 5456, 5380, 5059).
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Figure 2: Al-Mg phase diagram showing typical Mg range for 5456, 5083, and 5059
alloys as well as Mg-rich equilibrium phase that can evolve at grain boundaries during
sensitization.



Although 5083/5456/5XXX alloys are not precipitation hardened, the exposure of these
materials at intermediate test temperatures for long periods of time results in the
precipitation of a Mg-rich phase at the grain boundaries, Figure 2. This has been shown
to significantly affect the mechanical behavior. We have conducted experiments where
the 5083/5456/5XXX aluminum alloys are ‘sensitized’ by thermally exposing them to a
range of intermediate temperatures (e.g. 60°C - 175°C) for very long periods of time
(e.g. up to 4+ years). In addition to characterizing the microstructures with SEM and
TEM, the effects of changes in strain rate and loading rate on the SSRT and EAC
behavior in different solutions has been determined in both the S-T and L-T orientations.
Comparisons have been made to the non-sensitized materials, and any changes in
behavior have been documented with SEM fractography at the appropriate size scales
and magnification. In addition, high-resolution tomography experiments were conducted
at the DLS in order to image sub-surface damage in failed samples as well as conduct
in-situ EAC experiments on sensitized material.

Final Progress Statement Summary

A variety of 5XXX series aluminum alloys (e.g. 5456, 5083, 5059) have been tested in a
variety of temper conditions (e.g. H131, H116) in addition to examining the effects of
sensitization on the quasi-static and EAC resistance using fatigue crack growth, SSRT,
and fatigue precracked experiments in a variety of environments (e.g. dry air, humid air,
solutions). High resolution SEM was utilized on materials given laboratory sensitization
treatments for times up to 40,000 hours. Figure 3 shows 3D Optical and EBSD imaging
of as-received materials.

Figure 3. Optical 3D and EBSD images for as-received 5083-H131 and 5456-H116.
Similar characterization was used for 5083-H116.
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Figure 5. Thermal exposure conditions used to ‘sensitize’ samples. Both short term-high
temperature and long term-low temperature exposures were conducted.
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Figure 6. Fatigue crack growth experiments were conducted in accordance with ASTM
standards (left image) on samples in the as-received and sensitized conditions for the
L-T ASTM orientation. Sensitized samples exhibted grain boundary delamination
perpendicular to the macroscopic crack plane (right image), indicative of degradation of
properties in the short transverse (S) direction.



The effects of sensitization conditions, Figure 5, on fatigue crack growth behavior in
humid air (e.g. RH 45%) and dry air (e.g. RH < 1%) was determined on L-T samples,
Figure 4, taken from rolled plate in accordance with ASTM standards on both as-
received and sensitized material in the manner shown in Figure 6 (left). Fracture
surfaces were analyzed to determine the effects of sensitization on the fracture
mechanisms at different regions of the fracture surface corresponding to the regions
indicated in Figure 6 (left). The key observation was that sensitized materials often
exhibited grain boundary delamination perpendicular to the crack growth direction, as
indicated in Figure 6 (right). This indicates a severe degradation of properties in the
short transverse (S) direction and required more work to directly probe fracture in the
most susceptible orientation (e.g. S-T) by excising test samples (e.g. SSRT, FCG, and
EAC tests) directly from the S-T orientation, Figure 4. The regimes of thermal exposure
(i.e. time, temperature) and stress intensity, K, where such grain boundary delamination
(i.e. splitting) was exhibited are summarized in Figure 7. It is clear that rapid
sensitization and splitting is observed for the high temperature-short time exposures,
while splitting is also exhibited for lower temperature exposures, but these require much
longer exposure times (e.g. > 1,000 hours) to appear in the FCG humid air experiments.
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Figure 7. Regimes of grain boundary delamination (i.e. splitting) for 5456-H116 (left)
and 5083-H116 (right) for samples tested in FCG in humid air after different thermal
exposure conditions (i.e. time, temperature). The Kmax regime where splitting was
exhibited is shown by the colored regimes. Similar maps have been generated for other
5XXX alloys, but less extensive in nature due to Navy primary interests in 5456/5083.

In addition to determining the K regimes of EAC in FCG shown in Figure 7, the locus of
failure in the microstructure was also determined using the procedure shown in Figure
8. Figure 8 (left) shows the general appearance of the splits while Figure 8 (right)
shows the approach to determine the locus of such grain boundary splits in the
microstructure. The samples were first sectioned as shown in Figure 8 (right) to expose
the splits in cross section. EBSD was then conducted in order to image the
microstructure in the region of the splits as shown in Figure 8 (right). Analyses of
mulitple EBSD results of this sort revealed that splits typically occurred between grain
boundaries where there was a large gradient in Taylor factor. TEM and STEM also
showed that Mg-segregration and Mg-rich phases were present on these boundaries.



| A
Figure 8. Schematic showing splits in senstized samples tested in FCG in humid air
(left). Samples were sectioned in the manner shown at right, then EBSD was conducted

to determine the locus of failure. TEM and STEM also revealed Mg-rich phases at the
grain boundaries.
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In addition to the extensive fatigue crack growth work summarized above and published
elsewhere, extensive SSRT testing was conducted on samples taken from the S
orientation as shown in Figure 9. The thermal exposure conditions are shown in Figure

9 as well as the stress vs. % elongation curves and that reveal severe EAC,
summarized in Figure 9 (far right).
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Figure 9. SSRT samples taken from S orientation and tested under the conditions
shown. Stress vs. % elongation shown at right reveals severe effects of sensitization
and test environment on EAC. The rightmost image quantifies the effects for many
samples, exposure times, and environments.
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Figure 10. EAC experiments conducted in the S-T orientation. The effects of
sensitization, loading rate, and solution, show the effects of these variables on both the
initiation energy, Jlc and propagation energy, J, required to continue cracking.
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The EAC resistance was also explored in the S-T plane by conducting fracture
experiments on fatigue precracked samples in the manner shown in Figure 10 (left).
Both the J vs crack length data (Figure 10, middle) as well as the effects of
displacement rate on crack initiation and crack growth resistance are shown. Figure 10
(far right) shows the effects of exposure conditions and environment on both the energy
for EAC initiation and EAC growth.

The work conducted under ONR NO0O0014-14-1-0593 has produced a better
understanding of the mechanisms of EAC in 5XXX alloys along with regimes of
susceptibility. Follow on work is required to extend this work to longer term exposures
as well as remediation approaches. These are being pursued.
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