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Microstructure and Properties of AA 2090 Weldments

A. J. Sunwoo and J. W. Morris, Jr

Center for Advanced Materials, Lawrence Berkeley Laboratory and
Department of Materials Science and Mineral Engineering,
University of California, Berkeley

The effects of welding on AA 2090 are examined along with the
metallurgical changes associated with welding and aging. The results of the
study show that the GTA and EB weldment properties are controlled by the
precipitate size and distribution. There is a trade-off between strength and
elongation. In the as-welded condition, solid solution strengthening is the
primary strengthening mechanism present. As a result, the weldment strengths
are less than 200 MPa, but the elongations are greater than 4%. In the post-
weld aged condition, an inhomogeneous distribution of solutes results in an
inhomogeneous distribution of precipitates, causing strain localization.
Although the weldment strengths increase, the weldment elongations decrease
precipitously. The peak strengths of EB and GTA weldments are obtained
aging at 160°C for 32 hours with 75% joint efficiency and at 190°C for 16
hours with 65% joint efficiency, respectively. Aging at 230°C leads to coars-
ening of precipitates as well as the intermetallic constituents; the weldment
strengths deteriorate rapidly, but the elongations improve. The best overall
weldment properties are obtained in the solution heat treated and aged
conditions, and are associated with a homogeneous distribution of
strengthening precipitates.

Introduction

A material's properties are determined by its composition and microstructure. In turn,
microstructure is determined by composition and processing. For aluminum alloy (AA) 2090-
T8E41, the right blend of chemical composition and thermal-mechanical processing produced a
microstructure, that, combined with its composition, resulted in properties that are equivalent
or superior to current commercially available high strength aluminum alloys at room and
cryogenic temperatures, respectively [1-5]. AA 2090, with a combination of high specific
strength and toughness and high specific modulus, is a promising material for the weight-
limited cryogenic structures. However, for some cryogenic applications welding is required.

The weld properties are determined by the same factors as the base metal properties:
microstructure and composition. During welding, a localized region of the base metal is melted
and resolidified. The fusion zone morphology as well as the solute distribution depend on the
constitutional undercooling of the individual process. Hence, different welding processes
affect the weld properties differently. The objective of this research is to examine the effects of
welding processes, with overall composition held constant, on the microstructure and solute
segregation, and to correlate its effects to the weldment properties. In addition, the weldment
aging responses are also examined.
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Experimental Procedure

The chemical composition of as-received 2090 in wt-% is 3.0Cu-2.2Li-0.12Zr-Al. The
as-received 2090 sheet was in the T3 temper (solution heat treated and stretched 4.6%). The
sheet was cut into weld coupons of 102 mm x 203 mm (4 in. x 8 in.). The weld coupons
were machined from their initial thickness of 4.3 mm (0.17 in.) to approximately 3.2 mm
(0.12 in.) in order to remove distortion and processing oxide. Prior to welding, the weld
coupons were chemically cleaned using 5 vol. % sodium hydroxide in water, followed by
concentrated nitric acid. ‘

The two welding processes chosen for this study were gas tungsten arc (GTA) and
electron beam (EB) welding. These processes were used to produce a significant difference in
the as-solidified microstructure and solute segregation. The welding parameters for GTAW
and EBW are listed in Table 1. Autogenous, bead-on-plate welds were produced transverse to
the rolling direction. For GTA welding, direct current straight polarity (DCSP) was used, and
welding was conducted on a water-cooled chill block in an argon atmosphere. These
precautions, mechanical and chemical cleaning, welding in an inert atmosphere, and use of a
water-cooled chill block, were taken to prevent porosity and hot cracking.

The base metal of T3 temper and as-welded weldments were aged at 160°C, 190°C, and
230°C, to the peak-aged condition. In addition to the post-weld aged conditions, the solution-
heat-treated-and-aged (SHT&A) conditions of the base metal and both EB and GTA weldments
were also investigated. The optimum temperatures for SHT were determined using differential
scanning calorimetry. The SHT&A process consists of a three-step heat treatment: 535°C for
15min, 550°C for 15min, water quench, and subsequent aging at 160°C. Figure 1 shows the
tensile specimen configurations. The overall specimen size was 89 mm (3.5 in.) with
25.4 mm (1 in.) gage length.

TEM specimens were prepared by mechanically polishing the disks to 0.125 mm
thickness and jet-electropolished using 75 vol.% methanol and 25 vol.% nitric acid solution at
-30°C. The foils were viewed at 100 kV using a Phillips 301 microscope.

Resuits
Chemical and Energy Dispersive X-ray Analysis

The results of atomic absorption spectroscopy indicated that the composition of
autogenous GTA welds was similar to that of the base metal, 2.8Cu-2.2Li-0.12Zr-Al. There
was no Li loss; instead, a slight Cu loss was found which may be attributable to scatter in the
data.

Although the change in overall weld composition was insignificant, differences in
dendrite morphology and in degree of solute segregation were expected between the EB and
GTA fusion zones. EB welding, with high energy density and low heat input (and
consequently a fast cooling rate) produces a fine equiaxed dendrite structure with limited solute
segregation. The observed EB weld dendrites were equiaxed, and their average size was
approximately 10 um. GTA welding, on the other hand, is distinctly different from EB
welding. GTA welding is characterized by low energy density and high heat input and
consequently a slower cooling rate that produces cellular dendrite structure with more pro-
nounced solute segregation. The average cellular dendrite size of the GTA fusion zone was
approximately 20 um. The dendrite size was determined by averaging both length and width
of the dendrites
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In order to qualitatively determine the solute segregation, energy dispersive x-ray
(EDX) line scans were conducted across the dendrites of as-welded EB and GTA fusion zones.
Figure 2 shows the concentration profiles of Al and Cu in the EB fusion zone. Different
sensitivity scales were used for Al and Cu due to the large difference in concentrations. The
Cu scale was an order of magnitude larger than the Al scale. The Al concentration profile
showed Al depleted regions near the dendrite boundaries and at intermetallic phases. The Cu
concentration profile of the same line showed peaks near the boundaries but not in the
ifntqrmetallic phases. Overall, these changes in Al and Cu concentrations were small in the EB

usion zone.

With GTA welding, more pronounced solute segregation was expected than in EB
welding. For the GTA fusion zone, Zr was also analyzed since Al depleted regions were
present at the intermetallic phases without the corresponding Cu peaks. Figure 3a shows the
concentration profiles of Al and Cu using the same sensitivity scales as in Figure 2. The Al
valleys and Cu peaks were better defined in the GTA fusion zone, but the general trend of the
profiles was similar to the EB fusion zone, with Al valleys corresponding to Cu peaks at the
dendrite boundaries. Figure 3b shows the concentration profiles of Al and Zr within the same
region. The Al concentration profile is the same as in Figure 3a. The Zr concentration profile
showed small fluctuations along the dendrite, matching Al depleted regions. The line scan
indicated the presence of a Zr-containing phase at the dendrite boundary. These distinct
difference in the EB and GTAW fusion zones affected the aging response and, in turn, the
weldment properties.

TEM Analysis

AA 2090 obtains its strength through a homogeneous distribution of strengthening
precipitates[3-5]. The major strengthening precipitates are §'(Al3Li), T1(AL2CuLi), and
08'(Al2Cu). &'is a spherical metastable phase that precipitates within the grain. ©'is a plate-like
phase which also precipitates within the grain. Tj is a plate-like, equilibrium phase that
precipitates at dislocations and grain boundaries. B'(Al3Zr) is a dispersoid particle used as a
grain refiner that precipitates during the ingot thermal treatment. Among the phases that

adversely affect the properties are S(AIL1), To(AlgCuLip), and AlyCuyFe [6-8]. 8 and T are
the equilibrium phases and are known to precipitate only at the grain boundaries.

For the purpose of this research, the distribution of the plate-like precipitate phases is
more important than their individual nature so they will be merely described as plate-like
precipitates. To characterize the precipitate morphology and its distribution in the fusion zone,
transmission electron microscopy (TEM) was done on the as-welded, peak-aged, and SHT&A
GTA fusion zones. For the EB welds, the fusion zone was not wide enough to make good
TEM specimens.

In the as-welded condition, the precipitation was minimal; 8' and §' phases were
present, but no plate-like precipitates were found. In the post-weld aged condition, the solute
gradients lead to precipitate gradients within the dendrite. Figure 4 shows a bright field image
of a peak-aged specimen in the near [100] orientation. The SAD pattern showed distinct
superlattice diffraction spots with streaks in the [001] direction. The micrograph revealed a
fine distribution of §' phase and an inhomogeneous distribution of plate-like precipitates around

the boundary. A large spherical intermetallic phase, possibly  or T phase, was also found at
the boundary. In the SHT&A condition, SHT provided a homogeneous distribution of solutes
and subsequent aging provided a homogeneous distribution of precipitates. Figure 5 shows a
bright field image of a SHT&A specimen in the near [211] orientation. Again, the SAD
pattern showed distinct superlattice diffraction spots. The micrograph revealed a homogeneous
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distribution of both plate-like precipitates and §' precipitates. The distribution and morphology
of these precipitates control the strength and elongation of the weldments,

Mechanical Properties

The mechanical properties of base metal, EB weldments, and GTA weldments are
presented in Table 2. The results of the aging study indicated that 2090 strength degraded
after exposure to temperatures greater than 200°C. The best overall strength and elongation
combination for the base metal followed aging at 160°C for 32 hours. The base metal peak-
aged at 190°C for 16 hours showed an insignificant improvement in strength, but had higher
elongation. However, specimens aged at 230°C for 4 and 16 hours were severely overaged;
the yield strengths of the specimens aged for 16 hours decreased to less than 50% of the 160°C
peak-aged condition, and the elongation had the lowest value of all aging conditions.

For EB weldments, the highest strengths were obtained by aging at 160°C for ap-
proximately 32 hours. The aging response of the EB weldments was similar to that of the base
metal when aged at 190°C and at 230°C. As the aging temperature increased, the peak strength
was achieved in a shorter time, as expected. However, the peak yield strength at 160°C was
higher than that of 190°C. The EB weldments also became overaged at 230°C.

Higher yield strength was achieved for GTA weldments aged at 190°C than at 160°C.
The peak yield strength at 190°C was reached between 16 and 24 hours, while the yield
strength of weldments aged at 160°C continued to increase and peaked beyond 32 hours.
Aging at 230°C also adversely affected GTA weldment properties. The joint efficiencies of EB
and GTA weldments in the near peak-aged condition were 75% and 65%, respectively.

As the weldment strength increased with aging, the weldment elongation decreased
precipitously (Table 2). In the as-welded condition the weldment elongations were greater than
4%. In the peak-aged condition, the elongations were less than 1%. Visual observation of the
tested as-welded EBW and GTAW specimens revealed localized deformation in the fusion zone
and minimal deformation in other areas. In the tested peak-aged weldments, there was no
evidence of deformation in the fusion zone. In the overaged condition, the weldment
elongation improved slightly. It is noteworthy that although the composite specimens showed
only 4% elongation, the all-weld metal GTA specimens showed 17% elongation. Similar to
the composite specimens, the all-weld metal elongation decreased to 1.5% in the near peak-
aged condition.

After the base metal and welded specimens were post weld solution heat treated and
aged at 160°C for 4 hours, the yield strengths of the base metal and weldments were
equivalent, and both weldment elongations increased, especially the EB weldments. At
16 hours, the yield strengths of the EB weldment and base metal continued to be equivalent,
but the EB weldment elongation decreased by a factor of 3 from 5.4% to 1.8%. Aging from 4
to 16 hours, the strengths of GTA weldments increased by approximately 25% from 285 MPa
to 355 MPa, but the elongation decreased by 40% from 2.5% to 1.1%.

Fractography

SEM fractographs showed different fracture modes for the base material, EB
weldments, and GTA weldments. The base metal fractured in shear. Figure 6 shows the
SEM fractographs of the base metal in peak-aged and overaged conditions. In the peak-aged
condition, the fracture surface appeared planar-transgranular whereas in the over-aged
condition, the surface appeared ductile with subgrain delamination.
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The fracture mode and failure location in the EB weldments changed with aging
condition. Figure 7 shows EB fracture surfaces in the as-welded, peak-aged, and SHT&A
conditions. The fracture surface of as-welded EB specimens revealed ductile fracture with void
formation and slip evident, Figure 7a. Failures occurred at the fusion boundary. In the peak-
aged condition, the fracture surface revealed interdendritic fracture, Figure 7b, and failures
occurred within the fusion zone. Very fine spherical particles were observed at the boundaries.
For the SHT&A condition, uniform void formation occurred at the dendrite surfaces but the
fracture mode continued to be interdendritic, Figure 7c. In the overaged condition, small
spherical particles coarsened to become globular particles at the dendrite boundaries (similar to
Figure 8c). This also promoted interdendritic fracture.

The fracture modes of the GTA weldments were ductile dimple with secondary cracks
at the dendrite boundaries. Failure occurred close to the center of the fusion zone. Figure 8
shows the SEM fractographs of the as-welded, peak-aged, and overaged conditions. The as-
welded GTA fracture surface was similar to the as-welded EB fracture surface with void
formation and slip evident along the dendrite boundaries, Figure 8a. In the peak-aged
condition, spherical intermetallic phases decorated the dendrite boundaries, and in the overaged
condition, these phases became globular, as shown in Figures 8b and 8c. Figure 9 shows the
GTA specimen fracture surface after SHT&A for 4 hours. There were three distinct regions:
the lamellar microstructure of base metal, the dendritic microstructure of the weld, and the
partially melted region (PMR) of the HAZ, Figure 9a. Figure 9b shows the PMR, identified
by its smooth surface decorated with various size particles. PMR was also present on the other
fracture surfaces of SHT&A GTA weldments. Fracture may have initiated at the PMR regions,
resulting in a premature failure.

Discussion
Effect of Grain Size

The grain size is known to influence the strength of an alloy. However, for the range
of grain sizes considered the influence of grain size on strength is found to be small. In
general, the grain size dependence on the strength can be predicted using the Hall-Petch
relationship [9]. The average grain size of the GTA fusion zone is 150 um, while the average
grain size of the base metal in the longitudinal direction is an order of magnitude larger.
Assuming that the SHT produced a homogeneous distribution of solutes in the GTA
weldments and erased prior thermal mechanical processing (TMP) of the base metal, the effect
of grain size on strength is compared for the SHT&A conditions, see Table 2. Qualitatively,
the GTA weldment is expected to be stronger. However, equivalent yield strengths are found
for the GTA weldments and the base metal aged at 160°C for 4 hours. With a continuous
aging, the yield strength of the GTA weldments is approximately 30 MPa lower than that of
base metal. This indicates that there are other metallurgical factors contributing to the
properties. Thus, the grain size has a limited influence on the strength of the alloy.

Effect of Solute and Precipitate Strengthening

The differences in base metal properties and weldment properties can be explained by
their solute/precipitate distribution. For the base metal, TMP is utilized to attain a homo-
geneous distribution of solutes and to control the formation and distribution of the
strengthening phases during aging. By influencing the precipitation behavior, a combination of
high strength and toughness is obtained. The major strengthening phases in 2090 are the plate-
like T1 and ' precipitates.
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Prior TMP effects are almost erased in the fusion zone of the weldments. Instead, the
degree of solute segregation is established during welding. EBW fusion zone shows more
limited solute segregation than that of GTAW fusion zone. This distinct difference between the
EB and GTA fusion zones affects the solid solution strengthening and aging response and, in
turn, the weldment properties.

In the as-welded condition, there is a limited strengthening precipitate in the fusion
zone, and hence, the primary strengthening mechanism is solid solution strengthening. When
the effects of solid solution strengthening on the yield strengths of the as-welded EB and GTA
weldments are compared, the difference in yield strengths is only 20 MPa. When the near
peak-aged yield strengths of EB and GTA weldments are compared, the difference in strengths
is at least 100 MPa. Similarly, when the yield strengths of the GTA weldments post-weld aged
at 160°C for 16 hours and SHT & aged at 160°C for 16 hours are compared, the yield strength
of the SHT&A weldments is 90 MPa higher. These comparisons indicate that the precipitate
strengthening mechanism is a more effective strengthening mechanism than solid solution
strengthening in the fusion zone. Additionally, a homogeneous distribution of solutes, which
leads to a more homogeneous distribution of precipitates, is important for the aged properties.

The weldment strength and elongation are inversely related and are closely tied to the
tensile failure mode. Since solid solution strengthening is the only strengthening mechanism of
significance present in the as-welded condition, dislocation motion is less effectively impeded
than if strengthening precipitates are present. As a result, the weldment elongation is greater
than 4%, and the failure mode is ductile fracture. In the post-weld aged condition, due to
inhomogeneous distribution of the precipitates, strain is localized near the dendrite boundaries
and subsequently leads to interdendritic failure [10,11]. As the weldment becomes overaged,
the precipitates as well as the intermetallic phases are coarsened [12,13]. The distribution of
the precipitates becomes non-uniform within the dendrite, and the primary strengthening
mechanism becomes less effective. Thus, the dislocation movement becomes easier and the
elongation improves slightly. By homogenizing the solute/precipitate distribution, both
strength and elongation are improved. In the SHT & underaged condition, the precipitate size
has not been optimized and hence, the dislocation movement is not as effectively impeded
leading to lower strength and higher elongation. However at longer aging times, a precipitate-
free zone has formed adjacent to the dendrite boundary intermetallic phases, especially in the
EB fusion zones. Since PFZ is softer than other areas, a localized strain develops and causes
interdendritic ductile fracture [10,12].

Conclusions

The effects of welding on AA 2090 were studied along with the metallurgical changes
associated with welding and aging. The weldment properties are controlled by the precipitate
size and distribution. There is a trade-off between strength and elongation. The following
specific conclusions are drawn.

1) In the as-welded condition, solid solution strengthening is the primary strengthening
mechanism present. As a result, the weldment strengths are less than 200 MPa, but the
elongations are greater than 4%.

2) In the post-welded aged condition, an inhomogeneous distribution of solutes results
in an inhomogeneous distribution of precipitates, causing strain localization. Although the
weldment strengths increase, the weldment elongations decrease precipitously.

3) The highest peak yield strengths of EB and GTA weldments are obtained at 160°C
for 32 hours with 75% joint efficiency and at 190°C for 16 hours with 65% joint efficiency
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respectively. Aging at 230°C leads to coarsening of precipitates as well as the intermetallic
constituents. As a result, the weldment strengths deteriorate rapidly and the elongations
improve.

4) The best overall weldment properties are obtained in the solution heat treated and
aged conditions, due to a homogeneous distribution of strengthening precipitates.
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Table 1: Welding Parameters.

GTAW

Current:

Voltage:

Travel speed:

Electrode diameter:
Electrode angle:

Electrode to work distance:
Shielding gas:

Vacuum pressure:

EBW

110A

18-20 vV

6.4 mm/s

2.4 mm

90-120 deg

1.6 mm

75% He-25% Ar
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Table 2: Tensile Properties of 2090 Base Metal and Weldments.

EBW /GTAW/BM EBW/GTAW/BM EBW/GTAW/BM
Heat Treatment  0.2% Yield Strength UTS* Total Elongation
(°C/Hours) (MPa) (MPa) (%)
T3; As-welded 1957175 /281 288/270/352 44/44/93
PWAL
160/8 359/253/517 407*/ 326*/ 592 06/12/89
160/16 - 1295/560 - 1314*/ 605 - /0.8/94
160/32 438/314/574 445*/ 372*/ 608 03/08/94
19072 -/ -/ - 401*/ - / - 0.1/ -/ -
190/4 357/291/493 380*/ 350*/ 538 05/0.7/8.8
'190/16 350/334 /496 363*/ 371*/ 547 03/05/11.2
190/24 - 1325/ - - 1363% - - 105/ -
230/2 - 1230/ - - /288/ - - /1127 -
230/4 3147259/ 338 354*/ 320*%/ 416 0.7/1.0/11.0
230/16 274 /248 /279 321%*/ 300%/ 371 1.3/12/7.8
SHT & A?
160/4 311/315/313 415*/ 396*/ 403* 54/25/6.9
160/16 416/384 /413 479%/ 435%*/ 485* 1.8/1.1/10.1
All Weld Metal®
As-welded - /137/- -/250/ - -/170/ -
160/32 - 12547/ - - /13221 - -/15 /-
* Fracture Strength

1 PWA=post weld aged.
2 SHT &A=solution heat treated and aged after welding.
3 See Figure 1b.
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Figure 1: Tensile specimen configuration: a) composite specimen; b) all-weld metal specimen.
Dimensions are in mm, and the shaded regions represent the fusion zone.
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Figure 2: EDX line scan of Al and Cu in the EB fusion zone.
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Figure 3: EDX line scan of the GTA fusion zone: a) concentration profiles of Al and Cu;
b) concentration profiles of Al and Zr.
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Figure 4: TEM bright field image of a peak-aged GTA fusion zone; near [100] orientation.
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90 nm
XBEB 883.2255

Figure 5: TEM bright field image of a solution heat treated and aged GTA fusion zone;
near [211] orientation,
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Figure 6: SEM fractographs of base metal: a) éiged at 160°C for 16 hours;
b) aged at 230°C for 16 hours.
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Figure 7: SEM fractographs of EB weldments: a) as-welded condition; b) aged at 160°C

for 32 hours; ¢) solution heat treated and aged at 160°C for 16 hours.
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Figure 8: SEM fractographs of GTA weldments: a) as-welded condition; b) aged at
190°C for 16 hours; ¢) aged at 230°C for 16 hours.
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Figure 9: SEM fractographs of GTA weldment in solution heat treated and aged at 160°C
for 4 hours: a) overall fracture surface; b) partially melted region.
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