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Influence of Post-Superplastic Forming Practices on 
the Tensile Properties of Aluminum-Lithium Alloys 

S.J. Hales and H.E. Lippard 

The effect of thermal processing following superplastic forming on the tensile properties of aluminum- 
lithium alloys is addressed. The starting materials consisted of alloys 8090, 2090, and X2095 (a 
Weldalite TM 049 variant) in the form of commercial-grade superplastic sheet. Experience dictates that 
p0st-forming practices aimed at a slightly underaged T6 temper produce balanced engineering proper- 
ties in these alloys. The objective of this study was to assess the potential to use a T5-type temper by elimi- 
nating the solution heat treatment and/or cold water quenching steps characteristic of T6 processing. The 
experimental procedures adopted ensured that the tensile properties compiled were representative 
of the bulk material Initially, the strengthening behavior of each alloy as a function of temper selection 
was established. Subsequently, aging practices that resulted in peak strength and balanced properties 
were identified for the baseline T6 temper and two T5 tempers. The implications for replacing a T6 tem- 
per with a T5-type temper, including rapid and slow cooling following forming, are discussed on the basis 
of the results. 
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1. Introduction 

THE concept of built-up structures, integrated with superplas- 
tic forming (SPF) of aluminum-lithium alloys, is being evalu- 
ated for lightweight launch vehicles (Ref 1). In aerospace 
applications, the impetus to reduce structural weight and thus 
launch costs is matched by the desire to reduce manufacturing 
costs. The use of SPF technology to fabricate components with 
complex configurations has the potential to enhance the struc- 
tural efficiency of cryogenic tank and dry bay assemblies (Ref 
2, 3). Exploitation of the improved specific properties charac- 
teristic of aluminum-lithium alloys is also expected to translate 
into structural weight savings for strength- and stiffness-criti- 
cal applications (Ref 4). The performance of superplastically 
formed components will be governed by both the SPF parame- 
ters and the post-SPF processing techniques employed. 

Traditional processing of superplastically formed alumi- 
num-lithium alloys involves placing components in the T6 
temper. The T6 temper refers to the condition of material which 
has been "solution heat treated and artificially aged" to near- 
peak strength following forming operations (Ref 5). The objec- 
tive of this investigation was assessment of the potential to 
eliminate the solution treatment and rapid cooling procedures 
characteristic of T6 processing. The condition of material 
which has been "cooled from an elevated-temperature (400 to 
500 ~ shaping process and artifically aged "in the absence of 
an intermediate solution treatment," is referred to as a T5 tem- 
per (Ref 5). 
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The sequence of events relevant to post-SPF T6 processing 
and the difference between T6 and T5 thermal processing is 
outlined in Fig. 1. The standard T6 procedure commences with 
hot removal from the SPF die and uncontrolled air cooling from 
forming temperatures of 480 to 540 ~ This is followed by so- 
lution heat treatment (SHT) at temperatures the same as, or 
higher than, the SPF temperature (TspF) and subsequent cold 
water quenching (CWQ). After correcting for any distortion 
due to the rapid cooling and an unspecified period of natural ag- 
ing, artificial aging at temperatures of 130 to 190 ~ imparts 
near-peak strength (Ref 6). 

The key issues associated with temper selection are also 
highlighted in Fig. 1. First, reducing the number of processing 
operations is economically beneficial to a forming process with 
long cycle times (Ref 7). Second, reducing quench distortion 
enhances geometric reproducibility and decreases expensive 
rework to achieve dimensional conformance (Ref 6). Third, re- 
ducing exposure to temperatures of >480 ~ in air during ther- 
mal processing minimizes any detrimental effect on sheet 
properties resulting from surface lithium depletion (Ref 8,9). 
However, these benefits will only be realized if it can be dem- 
onstrated that post-SPF processing modifications are not detri- 
mental to material performance. 

The compositions of the production-quality superplastic 
materials in the program--8090-SP, 2090-OE 16, and X2095-- 
are compared with alloy specifications in Table 1 (Ref 10). Al- 
loy X2095 is registered with the Aluminum Association as the 
designation for Weldalite TM 049 alloy variants containing 3.9 to 
4.6 wt% Cu (Ref 11). An example of a superplastically formed 
structural component evaluated in this program is shown in 
Fig. 2. The various elements of the partially trimmed "hat stiff- 
ener," the predominant levels of SPF true thickness strain, and 
the locations suitable for tensile blank extraction are indicated. 

As is customary, the superplastic forming parameters used 
to fabricate the aluminum-lithium components were chosen on 
the basis of maximum biaxial formability (Ref 7). The tempera- 
tures and strain rates employed, in conjunction with the corre- 
sponding flow stresses determined in uniaxial tests, are 
presented in Table 2 for the three alloys. Accepted measures of 
part quality include geometrical reproducibility to close toler- 
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Key Issues: 
�9 Number of processing steps 
�9 Component warpage 
~ Surface solute depletion 
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Fig. 1 A schematic illustration of the post-SPF thermal processing procedures associated with T6 and T5-type tempers. The variables char- 
acteristic of the individual steps are indicated in parentheses and the key issues associated with temper selection are also listed. 

Table 1 Superplastic aluminum-lithium alloy compositions 

Composition, wt % 
Alloy Cu Li Mg Ag Zr Fe Si 

8090 
Specified 1.0-1.6 2.2-2.7 0.6-1.3 ... 0.04-0.16 0.30 max 0.20 max 
Actual 1.32 2.41 0.60 ... 0.11 0.05 0.09 

2090 
Specified 2.4-3.0 1.9-2.6 0.25 max ... 0.08-0.15 0.12 max 0.10 max 
Actual 2.55 2.16 0.01 ... 0.11 0.07 0.06 

X2095 
Specified 3.9-4.6 1.0-1.6 0.25-0.8 0.25-0.6 0.08-0.16 0.15 max 0.12 max 
Actual 4.43 1.22 0.39 0.39 0.13 0.07 0.05 

ances and the absence of internal porosity (Ref 12). Confor- 
mance of the component to the dimensions of the superplastic 
forming die was ensured by the use of post-forming pressure 
(Ref 1). Cavitation was suppressed during superplastic forming 
by the application of a superimposed hydrostatic (back) pres- 
sure equivalent to 50 to 70% of the flow stress determined for 
each alloy (Ref 1). 

A review of existing data revealed several factors important 
to the development of effective post-SPF processing for alumi- 
num-lithium materials (e.g., Ref 13-20). During heat treatment 
of these types of alloys, the maximum attainable strength de- 
creases with increasing aging temperature (Ref 13-15). It has 
been demonstrated that peak strength is also adversely affected 
by increasing superplastic deformation above 0.5 true strain 
(Ref 16-18). Material placed in a slightly underaged temper ex- 

hibits a better balance of mechanical and corrosion properties 
than peak-aged or overaged materials (Ref 19, 20). In commer- 
cial processing, an aging time of 8 to 40 h represents a good 
compromise between reproducibility of properties and heat- 
treating efficiency (Ref6). It is also evident that the thick- 
ness tapering inherent to the superplastic forming process 
(Ref 12) and the surface solute depletion often encountered 
with aluminum-lithium alloys (Ref 8, 9) are potential sources 
of data variability. 

2. Experimental Approach 

The modifications to T6 processing considered included 
eliminating solution treatment to produce a T5/CWQ temper, 
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Fig. 2 One of the superplastically formed structural elements from which material for the thermal processing studies was extracted. The 
nominal level of superplastic strain characteristic of different regions and the location/orientation of tensile blanks are identified. 

Table 2 SPF and post-SPF processing parameters 

Solution treatment Superplastic forming 
Alloy temperature, ~ temperature, ~ Strain rate x 10~/s Flow stress, MPa Back pressure, MPa. 

8090 530 530 2.5 3.1 2.2 
2090 538 510 5.0 4.1 2.4 
X2095 504 496 6.0 5.5 2.8 

and eliminating solution treatment and replacing cold water 
quenching with accelerated air cooling (AAC) to produce a 
T5/AAC temper. In the latter temper, the term "accelerated" air 
cooling refers to the use of a fan to create moderate air move- 
ment over the hot component. Such "moving air" cooling is 
common practice for minimizing warpage in complex-shaped 
components with thin-wall sections (Ref 6). In this case, 
quench distortion during the T6 and T5/CWQ processing was 
diminished because the superplastically formed pans were self- 
reinforcing in the untrimmed condition. The solution treatment 
time was approximately 1 h at the temperatures indicated in Ta- 
ble 2 for the baseline T6 processing. Any effect of variation in 
starting condition on strengthening response was minimized by 
allowing the superplastically formed materials to reach a sta- 
ble, naturally aged condition prior to artificial aging. For the T6 

temper, a 100 h interlude is common practice for the T4 temper 
precursor (Ref 6). The T1 condition for T5-type processing 
(Ref 5) was achieved following 1000 h at ambient temperature 
(Ref 10). 

Tensile testing represented the culmination of an extensive 
program addressing the effect of temper selection on the post- 
SPF properties of alloys 8090, 2090, and X2095 (Ref 10). The 
original experimental matrix incorporated three levels of su- 
perplastic strain, three aging temperatures, and eight aging 
times for each alloy/temper permutation. The goal of this study 
was to identify aging treatments of practical duration that pro- 
duced balanced tensile properties in the different temper condi- 
tions. The age-hardening data compiled were used to define an 
experiment including only two aging temperatures (177 ~ 
plus 163 or 191 ~ and six aging times (1 to 100 h). The size of 
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Fig. 3 The post-SPF strengthening response of alloy 8090 during artificial aging at 177 ~ (open symbols) and 191 ~ (closed symbols) as 
a function of temper/quench rate selection including: SPF + ; (a), solution treated, cold water quenched and aged; (b), cold water quenched 
and aged; (c), accelerated air cooled and aged. 

the initial test matrix was dictated by the quantity of flat, sub- 
size tensile specimens that could be extracted from the super- 
plastically formed components (Fig. 2). The strengthening 
behavior of flat material with a thickness corresponding to a su- 
perplastic true strain of 0.6 at the gage section was evaluated. 
As cursory trends in the data were identified, supplementary 
material conditions were added to the test matrix. 

The sequence for machining of specimens was designed to 
allow comparison of tensile properties representative of bulk 
material following superplastic deformation. The initial ma- 
chining following extraction from the superplastically formed 
pans involved reducing each blank to uniform gage. The speci- 
men thickness following this operation was controlled such 
that any solute-depleted layers in the areas corresponding to the 
gage sections were removed (Ref 10). The flat blanks were then 
machined to dimensions that conformed with ASTM B 557M 
specifications for standard subsize rectangular sheet-type 
specimens (Ref 21). The finished specimens were exposed to 
the time at temperature necessary for artificial aging only. Ten- 
sile testing was performed under crosshead displacement con- 
trol with a target strain rate at yield of approximately 10-4/s. 
Elongation was measured with back-to-back 25.4 mm gage ex- 
tensometers located at the center of the 32 mm long reduced 
sections. 

3. Results 

The goal was to identify aging practices that are both com- 
mercially viable and that produce a balance of tensile proper- 
ties suitable for structural applications. Each data point 
represents the average of at least three tensile tests; the statisti- 
cal accuracy of the strength data is +20 MPa. The elongation 
data are considered conservative as a result of the tendency of 
specimens to fail within the reduced section, but outside the 

specified gage length. Specifying an appropriate underaging 
treatment for each temper employed the following criteria: 

�9 Minimal decrease in yield strength compared to the peak- 
aged properties 

�9 Adequate ductility for an engineering material (elongation, 
->5%) 

�9 An aging time of practical duration (8 to 40 h) 

3.1 Alloy 8090 

The post-SPF strengthening behavior of 8090 at 177 and 
191 ~ is shown in Fig. 3(a) for the baseline T6 processing. The 
aging response shows that peak aging occurs following 24 to 60 
h at 177 ~ or 10 to 24 h at 191 ~ Peak strength is achieved 
following 40 h at 177 ~ or 16 h at 191 ~ The lower tempera- 
ture results in higher strength, but aging at 191 ~ produces bet- 
ter ductility in the peak strength condition. The elongation data 
reveal that underaging at 177 ~ does not improve ductility 
without strength dropping below the levels achieved at the 
higher aging temperature. Therefore, the peak-aged condition 
at 191 ~ best satisfies the criteria established for balanced ten- 
sile properties. In the T6 temper, c u = 475 MPa, ay = 385 MPa, 
and elongation = 5.5% are considered representative for post- 
SPF 8090 material. 

The aging data pertaining to T5/CWQ processing (Fig. 3(b)) 
reveal that eliminating the solution treatment step has resulted 
in a systematic increase in the peak aging times to 40 to 100 h at 
177 ~ and 16 to 40 h at 191 ~ The strengthening response is 
such that the peak aging time has increased to 60 h at 177 ~ 
but remains at 16 h foraging at 191 ~ Although peak strength 
at the lower temperature is superior and ductility is adequate, 
the duration of aging exceeds the 40 h upper limit. Comparison 
of the elongation data suggests that the ductility will be lower 
following aging at the higher aging temperature. Consequently, 
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Fig. 4 The post-SPF strengthening response of alloy 2090 during artificial aging at 163 ~ (open symbols) and 177 ~ (closed symbols) as 
a function of temper/quench rate selection including: SPF + ; (a), solution treated, cold water quenched and aged; (b), cold water quenched 
and aged; (c), accelerated air cooled and aged. 

based on the data presented, the aging treatment that produces 
the best balance of  properties is 40 h at 177 ~ The resultant 
properties, which comprise a u = 480 MPa, (~y = 385 MPa, and 
elongation = 5.5%, represent the T5 CWQ temper condition. 
These results show that if cold water quenching from Tsp F is 
employed, the tensile properties of  alloy 8090 are basically un- 
changed as a consequence of eliminating solution treatment 
from thermal processing. 

During T5/AAC processing (Fig. 3(c)), the aging behavior 
is very similar to that observed for the T5/CWQ temper. The 
data show that T5-type processing, incorporating slow cooling, 
has had little effect on the aging response. The peak-aged con- 
dition for strength is achieved following 60 h at 177 ~ or 24 h 
at 191 ~ The peak-aged tensile properties are comparable for 
the two aging temperatures, but the aging time is too long at the 
lower temperature. However, aging for 40 h at 177 ~ results in 
properties that are equivalent to the peak-aged condition fol- 
lowing aging at 191 ~ The better ductility and the shorter ag- 
ing time favors selection of 24 h at 191 C as the appropriate 
aging treatment. Therefore, G u = 470 MPa, Gy = 375 MPa, and 
elongation = 7.5%, represent the properties for the T5/AAC 
temper in post-SPF 8090 material. The data represent a 3% 
drop in yield strength accompanied by an improvement in duc- 
tility compared to T6 tensile properties as a consequence of 
eliminating both solution treatment and cold water quenching 
from post-SPF processing. 

3.2 Alloy 2090 

The effect of thermal processing on the strengthening be- 
havior of post-SPF 2090 is shown in Fig. 4. Determination of 
T6 properties was restricted to one aging temperature as a con- 
sequence of limited material availability. The tensile data in 
Fig. 4(a) reveal that the peak-aged condition is achieved after 

60 h at 177 ~ for T6 processing. The ductility is too low and 
the peak aging time too long on the basis of  the criteria outlined. 
However, underaging for 40 h at 177~ improves ductility with 
only a small sacrifice in yield strength. Therefore, properties of 
G u = 495 MPa, ay = 430 MPa, and elongation = 5.0%, are rep- 
resentative of the T6 temper for post-SPF 2090 material. 

The aging data pertaining to the T5/CWQ temper (Fig. 4(b)) 
reveal that the peak aging time has shortened to 24 to 40 h at 
177 ~ The aging behavior at 163 ~ reveals that the peak is lo- 
cated at 60 to 100 h duration. Peak strength was achieved fol- 
lowing 24 h at 177 ~ 100 h at 163 ~ Underaging for40 h at 
163 ~ resulted in properties that are similar to the peak prop- 
erties obtained at 177 ~ The ductility is adequate in the peak- 
aged condition following aging at the higher temperature, and 
the shorter time is beneficial. Thus, the aging treatment of  
choice for the T5/CWQ temper in alloy 2090 is 24 h at 177 ~ 
with corresponding properties of G u = 475 MPa, (~y = 390 MPa, 
and elongation = 6.0%. These properties represent a 9% drop in 
yield strength and an increase in ductility. 

The hardening response leading to a T5/AAC temper (Fig. 
4(c)) shows that the peak location has been unaffected by the 
slower cooling from Tsp F. The peak aging times are 24 h at 177 
~ and 100 h at 163 ~ with higher attainable strength at the 
lower aging temperature. An aging time of 100 h is too long, but 
underaging for 40 h at 163 ~ produces tensile properties 
slightly higher than the peak properties following aging at 177 
~ The ductility resulting from either treatment is comparable, 
and both meet the criterion established. Therefore, aging for 40 
h at 163 ~ is specified for the T5/AAC temper. The properties 
associated with this treatment are ou = 490 MPa, Oy = 400 MPa, 
and elongation = 6.0%. These properties represent a 7% drop in 
yield strength compared to T6 processing and a minimal 
change relative to the properties resulting from T5/CWQ proc- 
essing. 
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3.3 Alloy X2095 

The post-SPF aging behavior of alloy X2095, documented 
in Fig. 5, is different from that reported for alloys 8090 and 
2090. Common to all three thermal processing practices, the al- 
loy exhibits a reversion in properties from the naturally aged 
condition. It is evident that the behavior occurs during short- 
term artificial aging and varies in size and duration with aging 
temperature. The aging data related to T6 processing show that 
the properties drop by at least 20% and only return to that of the 
naturally aged condition after 3 h at 177 ~ The aging data per- 
taining to the T5-type tempers (Fig. 5(b) and (c)) show that the 
duration of the reversion is similar. During T5/CWQ and 
T5/AAC processing, the properties only return to that of the 
naturally aged condition after 16 to 24 h at 163 ~ and 3 to 10 h 
at 177 ~ The aging response also shows that the depth of the 
reversion is influenced by aging temperature. For both T5 pro- 
cedures, the drop in properties during aging at 163 ~ is ap- 
proximately twice that observed at 177 ~ This aging response 
is comparable to the behavior exhibited by other Weldalite T M  

049 alloys with similar composition (Ref 27). 
The strengthening behavior leading to the T6 temper (Fig. 

5(a) indicates that the peak aging time is 16 h at 177 ~ Again, 
limited availability of material restricted determination of 
X2095-T6 tensile properties to a single aging temperature. The 
peak-aged ductility is low, but the trend in the elongation data 
suggests that satisfactory improvement can be attained via un- 
deraging. The reversion behavior documented in the aging data 
results in exceptional tensile ductility in the highly underaged 
condition. Examination of the data shows that aging for 10 h 
does not result in a large decrease in strength, but the ductility 
is less than 5%. In contrast, an aging time of 3 h produces the 
required ductility, but with too great a sacrifice in strength com- 
pared to the peak-aged values. The trend suggests that the best 
balance between strength and ductility can be attained by speci- 

fying an underaging time of approximately 8 h. However, re- 
stricted to the actual data compiled, an aging treatment of l0 h 
at 177 ~ constitutes the best choice for achieving a balance of 
tensile properties. Therefore, properties of o u = 635 MPa, (~y ---- 

600 MPa, and elongation -- 4.0%, are the closest representation 
of the slightly underaged T6 temper condition. 

The strengthening response leading to a T5/CWQ temper 
(Fig. 5(b)) reveals that peak aging of alloy X2095 is achieved 
following 60 h at 163 ~ and 24 h at 177 ~ In contrast to the 
general trend in the tensile data compiled, peak strengths are 
higher as a result of aging at the higher temperature. The prop- 
erties are also superior to the peak-aged T6 properties; the rea- 
son for this anomalous behavior is uncertain. The elongation in 
this high-strength condition is inadequate and an underaging 
treatment is necessary. Interpolation from the data suggests that 
8 to l0  h at 177 ~ will result in adequate ductility. However, 
aging for 24 h at 163 ~ is the best choice for achieving bal- 
anced properties, on the basis of the data compiled. The corre- 
sponding T5/CWQ properties are (3" u = 570 MPa, O'y = 510 MPa, 
and elongation = 4.0%. The underaged yiel d strength docu- 
mented for the T5/CWQ temper represents an approximately 
! 5% decrease compared to the underaged T6 properties shown. 

The data for the T5/AAC temper in Fig. 5(c) show that the 
strengthening response is very similar to that documented for 
the T5/CWQ temper. The aging times for peak properties are 
the same for both aging temperatures--namely,  60 h at 163 ~ 
or 24 h at 177~ Consistent with most of the data compiled, the 
maximum attainable strength is higher at the lower aging tem- 
perature. Selection of an underaging treatment of 40 h at 163 ~ 
or 16 h at 177 ~ produces a better balance of properties. Again, 
aging at the lower temperature produces a higher strength for a 
given level of ductility. Therefore, the T5/ACC properties for 
alloy X2095 comprise o u = 560 MPa, ~ y  = 490 MPa, and elon- 
gation = 5.0%. These results represent an approximately 18% 
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drop in yield strength in comparison to the T6 properties se- 
lected. 

4. Discussion 

Recommendation concerning the use of T5-type tempers 
must necessarily include consideration of the superplastic 
forming parameters employed. The temperature differential 
between Tsp F and TSH T for each alloy may influence the 
strengthening response during subsequent artificial aging. Spe- 
cifically, the difference in temperature will govern the effec- 
tiveness of thermal exposure during superplastic forming to 
substitute for a formal heat solution treatment. Traditionally, 
TSHTiS selected to maximize the amount of solute put into solu- 
tion in the absence of incipient melting (Ref 22). Variation in 
solute content as a result of a lower TSH T will also affect the 
quench sensitivity of the post-SPF materials during T5 process- 
ing. The optimum cooling rate usually represents a compro- 
mise between retaining the supersaturated solid solution and 
minimizing residual stresses (Ref 22). The extent to which 
post-SPF processing can be simplified without sacrificing ten- 
sile properties is illustrated in Fig. 6. For the purposes of dis- 
cussion, a decrease in yield strength of <5% was the criterion 

adopted for assessing the potential to replace a T6 with T5-type 
temper (Ref 10). 

The results for alloy 8090 show that tensile properties are 
unaffected by eliminating solution treatment or employing ac- 
celerated air cooling during post-SPF thermal processing. The 
lack of difference between T6 and T5/CWQ can be attributed to 
the absence of a temperature differential between TSH T and 
Tsp F, as shown in Table 2. The data imply that the alloy is in a 
fully solution-treated condition at the conclusion of forming 
and does not require subsequent solution treatment. Further, 
the small change resulting from eliminating cold water quench- 
ing for the T5/AAC temper indicates that rapid cooling is also 
not required for post-SPF property retention. A lack of quench 
sensitivity has been cited previously as one of the advantages 
associated with the use of alloy 8090-SP (Ref 23). Both the T6 
and T5 properties documented are consistent with the behavior 
reported for production-quality 8090 material (Ref 8, 24). 

The post-SPF data for alloy 2090 show that the tensile prop- 
erties are influenced more by removal of the solution treatment 
step than using a slower quench rate for a T5-type temper. The 
T6 properties presented compare favorably with other data 
for 2090-OE 16 superplastic material (Ref 14). Upon replacing 
T6 with T5/CWQ processing, the yield strength is de- 
graded beyond the prescribed 5% margin and is accompanied 
by a reduction in the peak aging time. It is suggested that both 

340---Volume 3(3) June 1994 Journal of Materials Engineering and Performance 



observations are a consequence of the large temperature differ- 
ential between TsPvand TSHTfOr alloy 2090, as presented in Ta- 
ble 2. The data indicate that the material is too far from a 
solution-treated condition at the conclusion of forming for the 
subsequent aging behavior to remain unaffected. The resultant 
decrease in the amount of solute available for strengthening ex- 
plains both the drop in peak strength and the shorter peak aging 
time (Ref 22). 

Rationalization of the similarity in properties between the 
two T5-type tempers is difficult based on the data compiled. It 
has been documented that alloy 2090 is quench sensitive (Ref 
25), but the large temperature differential between TSH T and 
TsPFmakes the effect of the slower cooling rate uncertain. The 
implication of the data presented is that solution treatment can- 
not be removed without excessive degradation in T6 properties 
at the particular Tsp F employed. However, increasing the form- 
ing temperature, such that TSp F - TSH T would increase the po- 
tential for the material to approach a fully solution-treated 
condition at the conclusion of forming. It is anticipated that 
T5/CWQ properties much closer to T6 properties would result, 
assuming adequate superplastic formability at the higher form- 
ing temperature. Uniaxial superplastic elongations in excess of 
500% have been attained in superplastic 2090 in the tempera- 
ture range of 530 to 546 ~ without back pressure (Ref 13, 14, 
26). 

The X2095 data suggest that the superplastically formed 
material is affected more by replacing T6 with T5/CWQ proc- 
essing than the 8090 or 2090 alloys. However, the data pre- 
sented in Fig. 6 are somewhat misleading because the ductility 
in the baseline T6 condition does not meet the criterion estab- 
lished (elongation >5%). The effect of eliminating solution 
treatment from thermal processing on post-SPF yield strength 
may be exaggerated as a consequence. By interpolation from 
the data compiled in Fig. 5(a), an underaging treatment of 8 h at 
177 ~ would yield properties ofr u = 600 MPa, Oy - 525 MPa, 
and elongation -5%. Acceptable ductility has been obtained by 
specifying an equivalent underaged condition in convention- 
ally processed Weldalite TM 049 material of similar composition 
(Ref 27). These properties constitute a better representation of 
the T6 baseline for the purpose of assessing the influence of 
thermal processing on post-SPF properties. Consequently, the 
T5/CWQ properties represent only a 3% decrease in yield 
strength, rather than the 15 % drop that was apparent prior to in- 
terpolation. Similarly, comparison of the interpolated T6 prop- 
erties with the T5/AAC properties presented in Fig. 6 reveals 
only a 7% drop in yield strength, as opposed to 18%. 

These latter results imply that solution heat treatment can be 
eliminated from post-SPF processing of alloy X2095 at the 
forming temperature employed. The T5/CWQ data suggest that 
the material approximates a solution-treated condition at the 
conclusion of forming and, as seen in Table 2, the temperature 
differential between TSp F and TSH T for alloy X2095 is rela- 
tively small. However, replacing cold water quenching with ac- 
celerated air cooling appears to result in excessive degradation 
of tensile properties. The T5/AAC data suggest that the mate- 
rial is sensitive to cooling rate, which is plausible considering 
the composition of alloy X2095 (Table 1 ). It has been demon- 
strated that increasing the copper content of alloy 8090 results 
in increased quench sensitivity (Ref 8). The data reported are 

consistent with behavior documented for superplastic 
Weldalite TM 049 following similar post-SPF thermal process- 
ing modifications (Ref 18). 

It may still be feasible to use a cooling rate intermediate be- 
tween cold water quenching and accelerated air cooling for a 
T5 temper, while retaining the forming temperature. The im- 
plementation of aqueous glycol quenching, for example, would 
permit the cooling rate to be moderated in a controlled manner. 
It has been demonstrated that residual stresses can be greatly 
reduced in sheet materials of thicknesses similar to those char- 
acteristic of SPF components (Ref 28). Such an approach is 
common industrial practice for controlling quench distortion 
while still retaining target properties in non-lithium bearing 
aluminum alloys. Another possibility, similar to the case of al- 
loy 2090, may be to increase TSp F SO that the potential to em- 
ploy slower cooling rates increases. It has been demonstrated 
that uniaxial elongations of greater than 600% are attainable in 
superplastic X2095, while forming between 504 to 516 ~ in 
the absence of back pressure (Ref 15, 18). 

Comparison of post-SPF properties from different sources 
must account for the influence of superplastic strain. The ten- 
sile data compiled are characteristic of aluminum-lithium ma- 
terials superplastically deformed to a true thickness strain of 
0.6. Another pertinent aspect of this investigation was the focus 
on compiling tensile data that were representative of the bulk 
material. Precautions included suppressing cavitation during 
superplastic forming and accounting for thickness tapering, 
lithium depletion, and quench distortion during specimen 
preparation (Ref 8, 9). The care taken during specimen machin- 
ing served to minimize scatter in the strength data, but the duc- 
tility data were conservative because of fracture location. It is 
recognized that any assessment of the potential use of T5-type 
tempers must also address the effect of  thermal processing on 
all properties relevant to engineering applications. Although 
not evaluated in this study, it has been demonstrated that in- 
complete solution heat treatment and/or the use of slower cool- 
ing rates can adversely affect the fracture toughness and 
corrosion resistance of aluminum-lithium alloy materials (Ref 
19, 20). 

In the event that cost-effective implementation of superplas- 
tic forming technology demands simplified post-SPF process- 
ing, an important issue emerges from this study. The 
superplastic forming temperature employed may govern the 
successful application of T5-type tempers to aluminum-lithium 
alloys. Conventional wisdom dictates that selection of super- 
plastic forming parameters on the basis of optimum superplas- 
tic response, independent of the maximum strain required, 
promotes geometrical conformance and minimizes cavitation 
(Ref 7, 12). The tensile properties reported here reflect the use 
of superplastic forming temperatures that produced the best su- 
perplastic response in the individual materials (Tsp F < TSHT). 
However, the maximum superplastic strain typically required 
for complete formation of structural components is relatively 
low compared to the uniaxial strain-to-failure common to su- 
perplastic materials. The broad range of temperatures over 
which these alloys exhibit a superplastic response may create 
some flexibility in forming parameter selection. A component 
is least likely to require a formal solution treatment subsequent 
to forming operations if TSp F > TSH T. Therefore, the most ap- 
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propriate superplastic forming temperature may not be that at 
which maximum formability is attained per se, but rather the 
highest temperature at which formability is adequate to fulfill a 
particular component geometry. 

5. Conclusions 

The post-SPF properties of the aluminum-lithium alloys 
8090, 2090, and X2095 were evaluated as a function of thermal 
processing. The tensile data compiled were representative of 
material superplastically deformed to 0.6 true strain. The re- 
sults reveal the extent to which post-SPF procedures can be 
simplified without sacrificing T6 properties. 

For alloy 8090-SP, replacing the T6 temper with either the 
T5/CWQ or T5/AAC condition is a viable option for post-SPF 
processing. The data show that both solution treatment and 
rapid cooling can be eliminated with a-<5% drop in tensile yield 
strength at the forming temperature employed. 

For alloy 2090-OE 16, the data reveal that solution treatment 
cannot be eliminated without excessive degradation of post- 
SPF T6 properties. The large temperature differential between 
TSH T and the Tsp F employed was considered responsible, but 
the use of a higher forming temperature may permit T5 process- 
ing to be implemented. 

For alloy X2095, solution treatment does not appear neces- 
sary, but replacing cold water quenching with accelerated air 
cooling resulted in a >5% drop in yield strength for a T5 temper. 
The selection of a higher superplastic forming temperature may 
increase the potential to adopt a T5/AAC temper. 
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