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The slow strain rate test (SSRT) method was employed to study the stress corrosion cracking (SCC)
susceptibility of the superplastic 5083 Al alloy in a 3.5 pct NaCl solution after superplastic forming
and various heat treatments. Experimental results showed that both superplastically formed specimens
and specimens subject to the same thermal processes as that used in superplastic forming suffered
severe SCC susceptibility, and obvious intergranular fracture surfaces were also observed. Furthermore,
scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS)
analyses demonstrated that the thermal processes of superplastic forming led to continuously distributed
precipitation layers of b phase (Mg2Al3) at grain boundaries, i.e., sensitization had occurred. However,
postforming annealing treatment at 345 8C for 1 hour eliminated the sensitization effect of both
specimens. In this case, the SCC susceptibility was alleviated, and the fracture surfaces changed to
a transgranular dimpled structure, characteristic of that found in the as-received specimen. From the
metallographic observations, it was also seen that a number of cavities appeared at the grain boundaries
of the superplastically formed specimen. However, the cavitation effect on SCC susceptibility is minor
in comparison with the sensitization effect.

I. INTRODUCTION another undesirable phenomenon, i.e., the formation of cavit-
ies, could occur during the superplastic forming of certainTHE 5083 Al alloy has been widely used as a structural
alloys, especially for aluminum alloys.[7–10] The cavitationmaterial in the marine environment. Grain refinement of this
not only deteriorates the mechanical properties of this alloyalloy can be obtained by thermomechanical treatment, which
but also increases its susceptibility to corrosion.improves its mechanical properties and results in superplasti-

Although the superplastic formability of an Al 5083SPcity.[1] Using the superplastivity of material, a superplastic
alloy has been evaluated by many researchers,[8–12] studiesforming technology has been developed, which has become
of the corrosion behavior of this alloy are limited.[13,14] Inimportant in industries that manufacture more complex
our previous study,[13] it was found that a superplasticallyworkpieces. This process might replace the conventional
formed Al 5083SP alloy revealed an increased tendency forstamping processes, especially for those materials with lower
intergranular corrosion, which may cause the increase of theformability.[2] A superplastic 5083 Al alloy (Al 5083SP) has
SCC susceptibility of this alloy. However, to the authors’been commercialized and several superplastically formed
knowledge, no work concerning SCC for the superplasticallycomponents have been produced for the automotive industry
formed Al 5083 alloy has been reported, even though itto reduce vehicle weight and improve fuel efficiency.[3] The
would be very important from a practical point of view. Inalloy also has potential application in architectural structures.
the present work, therefore, the SCC behavior of this alloyHowever, it has been reported that Al-Mg alloys containing
before and after superplastic forming was further investi-more than 3 wt pct Mg, including the 5083 Al alloy, will
gated using the slow strain rate test (SSRT) method. Forbe sensitized at temperatures above 100 8C, which can be
comparison, specimens treated with the same thermal pro-attributed to the formation of continuous precipitation of the
cess as used in superplastic forming were also studied.highly anodic b phase (Mg2Al3) at grain boundaries.[4,5,6]

The metallurgical microstructures as well as the morphol-During exposure to corrosive environments, galvanic
ogy of the fractured specimens were observed under a scan-effect occurs between the grain boundary precipitates and
ning electron microscope (SEM). In addition, a scanningthe grain interiors, which leads to severe anodic attack at
transmission electron microscope (STEM) with energy-dis-grain boundaries. This phenomenon causes an increase of
persive X-ray spectroscopy (EDS) was employed to examinestress corrosion cracking (SCC) susceptibility in this alloy.
the microstructure of specimens for this Al 5083SP alloySince the superplastic forming process of an Al 5083SP
under various thermal and forming processes. Through thesealloy is performed at a temperature between 450 8C and
experimental results, the effects of sensitization and cavita-500 8C,[7] SCC susceptibility should be noted. Furthermore,
tion on the SCC of the superplastic Al 5083SP alloy are
examined and discussed.
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Table II. Various Material Processes for Al 5083SP Alloy
in the Present Study and the Accompanying Effects on

SCC Susceptibility

Specimen Material Processes Detrimental Effects

S1 as-received —
S2 superplastically formed* sensitization and

cativation
S3 heat treated with the same sensitization

thermal process as super-
plastic forming

S4 S2 1 postforming anneal- cavitation
ing treatment**

S5 S3 1 postforming anneal- —
ing treatment**

*Superplastically formed under 0.35 MPa (50 psi) at 500 8C for
1 h and then furnace cooled.

**Postforming annealed at 345 8C for 1 h then air cooled.

through the central section of the pan bottom and then pol-
ished to a thickness of 1 mm, while the thickness of speci-
mens S1, S3, and S5 remained 2 mm. The surfaces of allFig. 1—Typical three-dimensional microstructure of the as-received Al

5083SP alloy used in this study. the specimens were polished with emery paper to 600 grit,
degreased with acetone in a supersonic cleaning bath and
rinsed with deionized water. The tensile properties of the
various heat-treated specimens were tested at a strain ratephotograph of the as-received alloy revealed a fine-grain
of 1023/s in air, while the SCC susceptibility was evaluatedmicrostructure, as shown in Figure 1. The mean intercepts
by the SSRT according to ASTM G129-96 with a strain rateof grain dimensions in ST, LT, and L directions (ST: short
of 4 3 1026/s. The SSRT was conducted in air and in antransverse, LT: longitudinal transverse, and L: longitudinal)
aerated 3.5 pct NaCl solution, respectively. For calculatingmeasured according to ASTM E112 were 9.6, 7.5, and 6.6
the elongation of each specimen, the ends of the fracturedmm, respectively. The chemical composition of this alloy as
specimens were fitted carefully and the length between gageanalyzed by inductively coupled plasma atomic emission
marks was measured according to ASTM B557M. The elon-spectroscopy (ICP–AES) is given in Table I. A 3.5 pct NaCl
gation reported in this work was expressed as a percentagesolution was prepared using reagent grade chemical and
of the original gage length.high-purity deionized water (Millipore Milli-Q SP, 18

For optically metallographic observation, the specimensMV cm).
were prepared by polishing and etching with Graf SergeantDisk specimens with a diameter of 13 cm were cut from
reagent (15.5 mL HNO3, 0.5 mL HF, 3 g CrCO3, and 84the Al 5083SP sheet alloy and superplastically formed into
mL deionized water).[10] To identify the b phase precipitates,pan-shaped workpieces (designated S2) in a cylindrical die
thin foils of the various specimens were mechanically pol-by argon blowing with a pressure of 0.35 MPa (50 psi) at
ished and then electrochemically polished using twin-jet500 8C for 1 hour. The diameter and forming height of the
electropolishing equipment in a solution of 33 pct HNO3 inpan-shaped workpieces were 11 and 3 cm, respectively. After
methanol. They were then examined by STEM (JEOL* JEMsuperplastic forming, some specimens were further annealed

at 345 8C for 1 hour and designated as S4. For comparison,
*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

specimens of the Al 5083SP alloy were also heat treated
under the same thermal processes as those were superplas- 2000EX) together with EDS. An SEM (PHILIPS** SEM
tically formed and designated as S3. Postforming annealing

**PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-was also conducted for the heat-treated specimens (S3),
wah, NJ.which were designated as S5. The forming and thermal

processes of all these specimens are summarized in Table II. 515) was also employed to observe the fractured surfaces
For SCC tests, rectangular tensile specimens with a gage after SSRT tests.

length of 25 mm and width of 6 mm (ASTM E8M-92)
were used. The tensile axis was parallel to the longitudinal

III. RESULTSdirection for all the specimens tested in this work. The
superplastically formed specimens, S2 and S4, were cut Figure 2(a) shows a typical pan-shaped workpiece of the

Al 5083SP alloy after superplastic forming. The central
cross-sectional profile of such a workpiece is shown in Fig-

Table I. Chemical Composition of the Al 5083SP Alloy ure 2(b), which reveals that the thickness is not uniform,
(Weight Percent) usually being thinner at the corner. Therefore, the tensile

specimens machined from these superplastically formedMg Mn Cr Si Fe Cu Ti Zn Al
workpieces were further polished to obtain a uniform thick-

4.46 0.67 0.10 0.09 0.05 0.02 0.01 0.01 bal ness of 1 mm. It was also found that the grain size of the
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Fig. 3—(a) Appearance of the cavities at the grain boundaries of a super-
plastically formed Al 5083SP specimen. (b) A magnification of (a) showing

Fig. 2—(a) A typical pan-shaped Al 5083SP workpiece after superplastic the large cavities at the intersections of triple grain boundaries.
forming. (b) The central cross-sectional profile of the workpiece.

S3 specimens caused their intergranular precipitation layers
superplastically formed specimens (S2) increased by about to become discrete particles (Mg2Al3), indicated by arrows,
65 pct as compared to that of the as-received material.[13]

as shown in Figures 4(d) and (e) for S4 and S5 specimens,
The grain-growth rate was similar to that obtained in a tensile respectively. Meanwhile, it is worth noting that cavities did
test of this alloy at 550 8C, as reported by Verma et al.[8] On not show in Figure 4. The chemical composition of these
the other hand, the grain size of the heat-treated specimens grain boundary precipitates in S4 and S5 specimens was
without superplastic forming (S3 and S5) did not appreciably similar to that found in S2 and S3 specimens as identified
change. A number of cavities appear in the superplastically by STEM-EDS. From Table III, it is revealed that the tensile
formed specimens, both those without (S2) and those with strength and elongation percentage of the superplastically
(S4) postannealed, can be seen in Figure 3. In addition to formed specimen (S2) were approximately 10 and 40 pct
the large cavities formed in the intersection of triple grain lower than those of the as-received specimen (S1), respec-
boundaries, many small cavities in the size of micrometer tively. After postforming annealing treatment, the tensile
range were also found at the grain boundaries. The cavitation strength of the specimen (S4) remained almost unchanged,
is similar to that of the superplastically formed Al 7475 while the elongation was improved by about 10 pct, as
workpieces in our previous study.[15]

compared with the superplastically formed specimen (S2).
Figure 4 shows the microstructure of the various speci- The stress-strain curves of SSRT in air and in 3.5 pct

mens of the Al 5083SP alloy. For the as-received specimen NaCl solution for various specimens are shown in Figures
(S1), grain boundary precipitation was hardly found (Figure 5 and 6, respectively. The ultimate tensile strength (UTS),
4(a)). However, in the superplastically formed specimen (S2) 0.2 pct offset yield strength (0.2 YS), and elongation (El)
and the heat-treated specimen (S3), there existed continu- of the tested specimens obtained from Figures 5 and 6 are
ously distributed precipitates, indicated by arrows, at grain listed in Tables IV and V, respectively. The SCC susceptibil-
boundaries, as shown in Figure 4(b) and (c), respectively. ity of these specimens was thus determined by the elongation
The STEM-EDS analyses revealed that the grain boundary loss (El loss) calculated according to the following
precipitation layer in S2 specimens possessed a composition equation:[16]

of Mg2Al3 (b phase). A similar result was obtained for the
El loss 5 [1 2 (ElSCC /ElSSRT)] 3 100 pct [1]S3 specimens. Postforming annealing treatment for S2 and
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Fig. 4—STEM observations of the microstructure of various Al 5083SP specimens showing the grain boundary precipitates indicated by arrows: (a) S1,
(b) S2, (c) S3, (d ) S4, and (e) S5.

where ElSSRT and ElSCC are the elongation measured after
SSRT in air and in 3.5 pct NaCl solution, respectively. FromTable III. Tensile Properties («̇ 5 1023/s) of the Various
Table V, it can be seen that the elongation loss of the super-Specimens Shown in Table II
plastically formed specimen (S2) and the specimen heat

Specimen UTS (MPa) 0.2 YS (MPa) El (Pct) treated with the same thermal processes as the superplastic
forming (S3) were 81.2 and 73.6 pct, respectively, as com-S1 339 162 19.2

S2 294 147 11.1 pared to that of the as-received specimen (S1). After postan-
S3 326 159 24.6 nealing treatment (345 8C, 1 hour), the elongation loss of
S4 295 147 13.2 the specimens (S4 and S5) was reduced to 14.3 and 6.9
S5 324 157 23.8 pct, respectively.
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Table V. Results of the Slow Strain Rate Tested in 3.5 Pct
NaCl Solution («̇ 5 4 3 1026/s) and the Elongation

Percentage Loss for the Various Specimens Shown in
Table II

UTSSCC 0.2 YSSCC ElSCC El Loss
Specimen (MPa) (MPa) (Pct) (Pct)

S1 358 164 33.6 4.5
S2 251 136 4.3 81.2
S3 360 142 7,6 73.6
S4 331 132 24.5 14.3
S5 355 151 29.6 6.9

phase, as shown in Figures 4(d) and (e), respectively. Fur-
thermore, the elongation losses of the superplastically
formed specimens (S2 and S4), regardless of whether under-
going further annealing treatment, were only about 8 pct
larger than those of the specimens that were not superplas-
tically formed (S3 and S5). In addition, the SCC susceptibil-
ity of the 1-mm-thick specimens, treated with the same

Fig. 5—Stress-strain curves of the slow strain rate tests in air for the various thermal process as S3 and S5, respectively, also without
Al 5083SP specimens («̇ 5 4 3 1026/s). superplastic forming, were similar to those of S3 and S5,

respectively. It is thus clear that cavitation effects account for
the difference of ductility loss between the superplastically
formed specimens (S2 and S4) and the specimens without
superplastic forming (S3 and S5).

Fractographs of various specimens tested at the strain rate
of 1023/s in air, presented in Figure 7, showed that all the
specimens were dimple fractured, similar to the observation
made by Patterson of the fracture of the annealed 5083 Al
alloy.[17] Such a transgranular dimple fracture mode also
appeared in all specimens after the slow strain rate test («̇ 5
4 3 1026/s) in air, indicating transgranular ductile fracture,
as shown in Figure 8. However, the results were quite differ-
ent for the specimens after the slow strain rate test in 3.5
pct NaCl solution. In these cases, it can be clearly seen that
the S1, S4, and S5 specimens still showed a transgranular
dimple fracture, as shown in Figures 9(a), (d), and (e), while
the S2 and S3 specimens revealed severe intergranular frac-
ture surfaces (Figures 9(b) and(c)).

IV. DISCUSSION

The thickness of the superplastically formed workpiece
is thinner at the corner, as shown in Figure 2(b). However,Fig. 6—Stress-strain curves of the slow strain rate tests in 3.5 pct NaCl
since the central part of the pan workpiece were attachedsolution for the various Al 5083SP specimens («̇ 5 4 3 1026/s).
first to the wall of the die during superplastic forming, the
corner part continuously deformed after that. This phenome-

Table IV. Results of the Slow Strain Rate Tested in Air non was similar to the superplastic forming of 7475 and
(«̇ 5 4 3 1026/s) for the Various Specimens Shown in Table II 8090 aluminum alloys.[13] The difference of the grain-growth

rate between the specimens with and without superplastic
Specimen UTSSSRT (MPa) 0.2 YSSSRT (MPa) ElSSRT (Pct) forming was due to the deformation induced dynamic grain

S1 352 160 35.2 growth of the former, similar to that obtained in a tensile
S2 316 125 22.9 test of this alloy at 550 8C, as reported by Verma et al.[10]

S3 363 150 28.9 On the other hand, cavitations found in the superplastically
S4 318 125 28.6 formed specimens, especially at the triple grain boundaries,S5 356 151 31.8

shown in Figure 3, were similar to those of the superplas-
tically formed Al 7475 workpieces in our previous study.[15]

Aluminum alloys are cavitation sensitive materials for super-
plastic forming.[7–10,18] Cavitation has also been reported forThe results implied that the coarsening of the intergranular

precipitation layer into the discrete precipitation particles high-temperature deformation under creep[19] and fatigue[20]

conditions as well as during superplastic flow.had effectively alleviated the sensitization effect of the b
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Fig. 7—Fractographs of the various Al 5083SP specimens after tensile tests at a strain rate of 1023/s in air: (a) S1, (b) S2, (c) S3, (d ) S4, and (e) S5.

As can be seen from Figure 4, the grain boundary precipi- potential of the b phase and the Al matrix were 21.15 V
(vs SCE) and 20.82 V (vs SCE), respectively. The moretates changed clearly after postforming annealing. The dis-

crete nature of the grain boundary precipitates was due to active corrosion potential of b phase, in comparison with
the Al matrix, will lead to the anodic dissolution of thesethe coarsening of these Mg2Al3. It is reasonable to speculate

that the discrete precipitation particles in S4 and S5 speci- precipitates at grain boundaries and accelerate the intergran-
ular corrosion of the specimens. Such a sensitization effectmens were coarsened from the intergranular precipitation

layer in S2 and S3 specimens during the postforming anneal- should be more pronounced for specimens possessing a con-
tinuous precipitation layer than for those specimens con-ing treatment. Mazurkiewicz,[21], Binger et al.[22] and Hol-

lingsworth and Hunsicker[23] have reported that the corrosion taining discrete precipitation particles.

3196—VOLUME 30A, DECEMBER 1999 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 8—Fractographs of the various Al 5083SP specimens after slow strain rate tests («̇ 5 4 3 1026/s) in air: (a) S1, (b) S2, (c) S3, (d ) S4, and (e) S5.

From Figure 4, it was also found that a number of rectan- should also be irrelevant to the SCC susceptibility of the Al
5083SP specimens in the present study.gular precipitation plates appeared in the grain interior in

all specimens. The STEM-EDS analyses showed that these From Table III, it is clear that the degradation of the
ductility of the Al 5083SP alloy after superplastic forminggrain precipitates possessed a composition of the (Mn,

Fe)Al6 intermetallic compound. Since the corrosion potential was more serious than that of the tensile strength. It can
also been seen that the tensile strength of the specimensof such a (Mn, Fe)Al6 phase is similar to that of the Al

matrix, its effect on the corrosion resistance of this alloy is S3 and S5 decreased only slightly, while their elongations
increased as compared with the as-received material (S1)minor, as reported by Hollingsworth and Hunsicker.[23] The

existence of (Mn, Fe)Al6 precipitates in the grain interior most likely because of the age softening and anneal softening
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Fig. 9—Fractographs of the various Al 5083SP specimens after slow strain rate tests («̇ 5 4 3 1026/s) in 3.5 pct NaCl solution: (a) S1, (b) S2, (c) S3,
(d ) S4, and (e) S5.

of these specimens.[24] From these results, it is obvious that and (c)), the severe SCC of S2 and S3 should be attributed
to the sensitization effect of these intergranular precipitationthe severe degradation of the tensile properties of both the

superplastically formed and postannealed specimens (S2 and layers. On the other hand, the elongation loss of the post-
forming annealed specimens (S4 and S5) was reduced toS4) can be attributed to the cavities formed during superplas-

tic forming. 14.3 and 6.9 pct, respectively. The results implied that the
postforming annealing led to the coarsening of the intergran-The thermal process of superplastic forming (500 8C, 1

hour) led to very severe SCC for the Al 5083SP alloy in ular precipitation layer into the discrete precipitation parti-
cles, which effectively alleviated the sensitization effect ofthe 3.5 pct NaCl solution, as shown in Table V. Correlating

to the observations of continuously distributed b phase at the b phase. Furthermore, the elongation losses of the super-
plastically formed specimens (S2 and S4), regardless ofthe grain boundaries of S2 and S3 specimens (Figures 4(b)
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whether undergoing further annealing, were only about 8 The susceptibility of SCC due to the sensitization of this
alloy can be eliminated by a postforming annealing treatmentpct larger than those of the specimens that were not super-

plastically formed (S3 and S5). The results in this case at 345 8C for 1 hour (S4 and S5). The beneficial effect of
postforming annealing was due to the coarsening of continu-corresponded to the cavitation effect accompanying the

superplastic forming on the SCC susceptibility. ous intergranular precipitation layers into discrete particles
at grain boundaries.Comparing the influence of the sensitization effect to that

of the cavitation effect, it can be seen that the ratio of the
former to the latter was about 10:1, as quantitatively evalu- REFERENCES
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