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Abstract 

The structure-property-processing relationship of a 2090 near-net-shape extrusion in the T86 
temper has been evaluated. The study revealed that both the microstructure and the tensile 
behavior are strongly dependent on the local extrusion aspect ratio. Regions of low extrusion 
aspect ratio within the cross-section comprised a fibrous microstructure and exhibited the highest 
yield strength. Regions of high extrusion aspect ratio exhibited a pancake-shaped grain 
morphology and tensile behavior comparable to 2090 sheet. Fractographic analyses suggested 
that macroscopic fracture mode was closely related to local grain morphology. Microscopically, 
the fracture characteristics were consistent with inter-(sub)granular failure. The influence of 
microstructure on tensile properties and fracture behavior as a function of location and 
orientation were addressed. 

Introduction 

Aluminum lithium (Al-Li) alloys offer a high strength, low density alternative to 2219, the alloy 
used in the fabrication of the Space Shuttle External Tank [1]. The potential exists to reduce 
the high manufacturing costs associated with the current integrally machined, T-stiffened design 
by using near-net-shape forming techniques [2]. Production-scale billets of aIIoy 2090 were 
extruded into integraIIy stiffened tubes which were then cut along the length and roll-flattened. 
The final product comprised L-stiffened panels O.825m wide and 3.0m long with a skin thickness 
of 4.5mm and stiffeners 116mm apart. The individual stiffeners were 33mm high, 21mm wide 
and 5.6mm thick. The material evaluated in this study had the composition AI -2.7Cu -2.1Li -
O.I2Zr -0.09Fe -O.05Si -O.03Ti (wt. %) and was in a T86 temper (6% stretched + peak aged) 
condition [3]. The objective was to correlate microstructure with tensile behavior as a function 
of location and orientation in the extruded cross-section. 

The microstructure and tensile properties of near-net-shape extrusions are dependent on both 
forming conditions and component geometry [4-8]. The key parameters are the extrusion ratio 
(Areau;llc' : AreaEX'l1Is;on), and the extrusion aspect ratio (Width: Thickness, WIT), which will vary 
with cross-section. The overall extrusion ratio for the cross-section was "" 9: 1, which is lower 
than that typicaIIy employed (~ 20: 1) for AI-Li aIIoys [3]. It has been demonstrated that 
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increasing the extrusion ratio promotes recrystallization and less anisotropic tensile behavior in 
8090 extrusions [5]. The extrusion aspect ratio varied from WIT"", 4 in the stiffeners to WIT 
"" 30 in the skin. Fibrous (cigar-shaped) and pancake-shaped grain structures are common in 
regions of low and high WIT forming, respectively [6). The trend in tensile behavior is toward 
a decrease in yield strength and more isotropic properties with increasing WIT [7]. In Al-Li 
extruded product, variations in grain structure tend to contribute less to property anisotropy than 
changes in texture [8]. 

Experimental Procedures 

The nomenclature adopted to indicate the locations in the cross-section which were characterized 
is outlined in Figure lea). Longitudinal (L) specimens were tested at each position (skin, base, 
web and cap), long transverse (LT) specimens in the base and skin, and 45 0 specimens in the 
skin. Tensile testing conformed with ASTM B 557M specifications, using standard, sub-sized 
coupons [9]. Elongation-to-failure was measured over a 25mm gauge length using extensometers 
and the plastic strain was calculated by subtracting the elastic strain from the total strain. 

Optical metallography was performed to study the grain structure as a function of location and 
orientation in the extruded cross-section. Metallographic samples were anodized using Barker'S 
reagent and imaged under cross-polarized light. Fractographic samples were examined visually 
to assess macroscopic fracture mode. Scanning electron microscopy was employed to evaluate 
':he microscopic failure mechanisms. Metallographic sections perpendicular to fracture surfaces 
';;e:e also examined to correlate macroscopic with microscopic features. 

Results and Discussion 

/
~_> Microstructure 
"':-:-.;: microstru~tural characteristics of the 2090 near-net-shape extrusion were similar to those 

. :.:If other Al-LI products extruded with a low extrusion ratio [4,5]. The unrecrystallized 
microstructure was highly elongated parallel to the extrusion axis and contained a subgrain 
structure with a more equiaxed morphology than the grains [7]. The aspect ratio of the 
unrecrystallized grains in the plane perpendicular to the extrusion axis reflected the local changes 
in extrusion aspect ratio, WIT. The variations in grain structure with location in the cross­
section are summarized schematically in Figure I(a). The grain morphology was fibrous in the 
cap and exhibited features characteristic of an axisymmetric extrusion (WIT"'" I) [6,7]. In 
contrast, the pancake-shaped grain morphology in the skin, with WIT» I, was similar to the 
microstructure of unrecrystallized 2090 sheet [8,10]. 

The microstructures present in the cap and the bulk of the skin were relatively homogeneous 
through the cross-section. The web and base regions exhibited distinctly heterogeneous 
microstructures, which comprised a combination of grain structures. The microstructural 
characteristics of the web and base are illustrated in Figures I (b)-I (e). The web contained areas 
of pancake-shaped grains with distinctly different alignments in the plane perpendicular to the 
extrusion axis. Adjacent to both surfaces of the web, the grains were inclined towards the 
center, as illustrated in Figure l(b). An area of pancake-shaped grains aligned perpendicular 
to the skin separated these regions, as shown in Figure I(c). This region was offset from the 
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centerline of the web on the cap side of the stiffener. Comparing Figures I(b) with I(c) reveals 
that the grains in the middle possessed a lower aspect ratio than the inclined grains at the 
surfaces. 

The base exhibited a microstructure which contained an arrangement of grain structures with 
different morphologies and varying alignment. Adjacent to the surface opposite the stiffener 
(below area "e" in Figure I(a», the grains were pancake-shaped with similar aspect ratio and 
alignment to that in the skin. At the intersection of the stiffener with the skin, Figure I(d), the 
pancake-shaped grains were aligned with the contour of each fillet. The aspect ratio of these 
grains tended to decrease with proximity to the center of the base region. At approximately the 
center, Figure I(e), the microstructure consisted of a mixture of fibrous and pancake-shaped 
grains. 

B. Tensile Behavior 
Tensile properties as a function of location and orientation across the 2090 near-net-shape 
extrusion are presented in Figure 2. The highest strength was associated with L base and L cap 
where the properties appear to be related to the presence of the fibrous grain structure. The L 
skin and L web specimens exhibited lower strength and elongation to failure than L base and L 
cap. The similarity in properties of the skin and web resulted from the abundance of the 
pancake-shaped grain structure in both regions. As a function of orientation in the skin, LT skin 
was stronger and marginally more ductile than L skin, while 45°skin exhibited high elongation­
to-failure, but low strength. The level of anisotropy observed was consistent with the 
domination of texture effects in unrecrystallized Al-Li wrought product [11,12]. The variation 
in tensile properties with orientation was comparable with the behavior documented for both 
2090 sheet and 8090 extrusions [7,10]. 

In the base material, the arrangement of the different grain structures relative to the tensile axis 
may have contributed to the anisotropy in behavior. In L base specimens, the elongated 
microstructure was parallel to the tensile axis, with the fibrous and pancake-shaped grains 
arranged across the gage length. Deformation involved each of the microstructural components 
and the dominance of the fibrous grain structure, which exhibited high yield strength in L cap, 
was considered responsible for the high strength. In LT base specimens, the elongated 
microstructure was perpendicular to'the tensile axis, with the fibrous and pancake-shaped grains 
arranged along the gage length. The strength of LT base was comparable to LT skin, which 
possessed the pancake-shaped grain morphology. This suggests that the pancake-shaped grains 
had a stronger influence on tensile behavior than the fibrous grains. 

c. Fracture Behavior 
(i) Macroscopic Features. The macroscopic fracture behavior was dependent on the local 

microstructural characteristics and varied across the extruded cross-section. During deformation 
of specimens in the L orientation, the long dimension of the highly elongated grains was parallel 
to the tensile axis. In L skin specimens, which consisted entirely of a pancake-shaped grain 
structure, a single slant fracture traversed the gage section. Failure of the L cap specimens 
comprised 'mixed mode' fracture, with small 'shear' lips to each side of the gage section. The 
whole microstructure at this location consisted of a fibrous grain morphology. In this context, 
the term 'mixed mode' infers failure along a plane perpendicular to loading by a mixture of flat 
and slant fracture. 
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In L base specimens, failure occurred by a combination of mixed mode and slant fracture, 
corresponding to the regions of fibrous and pancake-shaped grains, respectively. Mixed mode 
fracture of the fibrous grains constituted the center of the failure and multiple slant fracture 
surfaces tended to follow the various grain alignments in the underlying microstructure. Failure 
of the L web specimens, was by a mixture of mixed mode and slant fracture. The pancake­
shaped grains with lower aspect ratio near the center exhibited mixed mode fracture, whereas 
the inclined grain structures adjacent to the web surface exhibited slant fracture. 

The macroscopic fracture behavior also varied with orientation in the extrusion. In comparison 
to the single slant fracture of L skin, the fracture surfaces of LT skin and 45° skin specimens 
exhibited mixed mode fracture. LT skin failed in a similar manner to L cap with mixed mode 
fracture at the center and 'shear' lips toward the edges. In LT base specimens, failure occurred 
within the pancake-shaped grains adjacent to the fillets and did not traverse the fibrous 
microstructure at the center of the gauge length. The transition from mixed mode to slant 
fracture is shown in Figure 3 for L T base. The micrograph and accompanying schematic show 
that the macroscopic fracture characteristics can be correlated with microscopic features. The 
direction of crack propagation during slant fracture followed the local grain alignment around 
the fillet. 

(ii) Microscopic Features. Microscopically, fracture of the tensile specimens tended to follow 
the local alignment of boundaries in the underlying grain structure. The correlation between 
microscopic fracture features and microstructure is illustrated for L cap and LT skin in Figures 
4 and 5, respectively. A fracture surface typical of cap material with the tensile axis in the L 
orientation is shown in Figure 4(a). The surface was dominated by features which were 
equiaxed in the plane perpendicular to the extrusion axis. At this location and in this orientation, 
the tensile axis was parallel to the long dimension of the fibrous grain structure. As shown in 
Figure 4(b), the fracture features correlate well with the equiaxed morphology of the grains 
perpendicular to the extrusion axis. 

A fracture surface typical of skin material with the tensile axis oriented in the LT direction is 
shown in Figure 5(a). The surface comprised relatively smooth features, highly elongated 
parallel to the extrusion axis (L). In LT skin specimens, the long dimension of the pancake­
shaped grains was oriented perpendicular to the tensile direction. Figure 5(b) indicates that the 
shape of the fracture features was closely related to the elongated morphology of the underlying 
;sub)grain structure. The scale of the features observed on the fracture surfaces of both L cap 
:;.:::1 LT skin specimens suggested failure along both grain and subgrain boundaries [13-15]. 

Conclusions 

As a function of position in the extruded cross-section, grain morphology and tensile 
properties were dependent on the local extrusion aspect ratio, WIT; 

(a) Low WIT (cap) resulted in a fibrous microstructure and strength similar 
to an axisymmetric extrusion. 

(b) High WIT (base) resulted in a pancake-shaped grain structure and tensile 
behavior comparable to 2090 sheet. 
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2. Arrangement of the different grain structures in the base influenced the tensile behavior; 
(a) With the microstructural components arranged parallel to the tensile axis 

(L base), properties were dominated by the fibrous grain structure. 
(b) With the microstructural components arranged perpendicular to the tensile 

axis (LT base), behavior was influenced by the pancake-shaped grains. 

3. Macroscopic failure of the extruded material comprised mixed mode fracture. 
Microscopically, fracture of tensile specimens was influenced by local grain morphology. 
Independent of location and orientation, the fracture characteristics were consistent with 
inter-(sub )granular failure. 
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Figure 1. Variations in grain morphology across a 2090 near net shape extrusion. Cross­
section is perpendicular to the extrusion axis, or L direction. Tensile tests were conducted on 
the cap, web, base and skin in various orientations. 
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Figure 2. Strength and elongation to failure as a function of location and orientation within the 
extruded cross-section. 

Figure 3. Macroscopic failure of an LT base specimen. The slant fracture path follows 
the local orientation of the grain structure around fillet. 
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(a) (b) 

20 ~m ----ST L 
Figure 4. Fracture surface (a) and underlying microstructure (b) of L cap, 
showing failure of a fibrous grain structure. 

LT 

:a) (b) 
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_:;igure 5. Fracture surface (a) and underlying microstructure (b) of LT skin, 
showing failure of a pancake-shaped grain structure. 

L 
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