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Weldability of 2090 Al-Cu-Li Alloy

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

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

The weldability of 2090 was studied along with the metallurgical changes
associated with welding and aging. Autogenous bead-on-plate welds are produced
using two different base metal tempers, as-received condition (T3) and peak-aged
condition (T8), and two different welding processes, GTAW and EBW. The opti-
mum aging condition is determined for the EB and GTA weldments. The results of
weldability and aging studies indicate that the best aging temperature for the base
metal and EB weldments is 160°C, which results in a 75% joint efficiency and for
the GTA weldment is 190°C, which produces a 55% joint efficiency. Aging at
230°C leads to a serious deterioration in the properties. The distribution of precip-
itates in the fusion zone appears to be the primary factor in controlling the weldment
strength and elongation.

Introduction

The alloy 2090-T8E41 has superior mechanical properties to current commercially available
high strength aluminum alloys at room and cryogenic temperatures [1,2], and has properties com-
petitive with those of 7075 at room temperature. The combination of high specific strength and
toughness and high specific modulus are of interest to the aircraft and aerospace industries. Some
of the more promising applications of 2090 are in weight-critical cryogenic structures, such as fuel
tanks for advanced aircraft, and the external liquid fuel tanks of the space shuttle. Since these
applications require welding, the weldability of 2090 needs to be investigated.

The welds produced on an earlier generation of Al-Li alloys were highly susceptible to
porosity and hot cracking [3,4]. However, with improved fabrication and processing techniques,
many of these problems have been eliminated [5]. In 2090, the source of the gas that causes
porosity is probably hydrogen evolving from hydrated oxide on the surfaces of the plate, or from
lithium hydride stringers within the material [6]. Gas is trapped during welding. Hence, porosity
can be minimized by surface cleaning and by degassing the plate prior to welding [7,8].

Hot cracking, on the other hand, was initially theorized to be a rupture caused by a large
solidification range and a critical shrinkage strain [9]. Hence the hot cracking susceptibility is ex-
pected to be the highest at the composition of maximum solid-solution solubility. However,
Cross, et al. [10] showed that a binary Al-Li alloy with maximum solid-solution solubility of
4.0 wt-% Li is most susceptible to hot cracking at 2.6 wt-% lithium. Similarly, the hot cracking
susceptibility of an Al-Cu alloy with maximum solubility of 6 wt-% Cu is greatest at about 3 wt-
% Cu [11]. According to Pumphrey, et al. [9,11], when the Cu content is low, less than 1 wt-%,
continuous eutectic films will not form at the dendrite boundaries. When the Cu content is very
high, cracking will not occur since there is sufficient eutectic liquid to back fill and heal the cracks.
However, at 3 wt-% Cu, just enough liquid remains to form continuous films between the grains.
Borland, and Clyne and Davies [12, 13] modified the the previous concepts and suggested that hot
cracking is influenced by the wettability of dendrites by interdendritic eutectic liquid as well as the
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time available to back fill and heal the crack. The Cu and Li contents of 2090 are similar to those
in the binary alloys that are highly susceptible to hot cracking. Hot cracking was observed during
GTA welding, and in addition, porosity was present in the fusion zone. The methods used to pre-
vent these problems are discussed briefly.

The purpose of this work was to study the weldability of 2090 alloy and the metallurgical
changes associated with welding and aging. Since the effects of aging on weldments has not been
investigated, aging behavior will be examined to determine the optimum heat treatment for the
2090 weldments.

Experimental Procedure

The chemical composition of as-received 2090 in wt-% is 3.0Cu-2.2Li-0.2Zr-Al. The as-
received 2090 sheet was in the solution heat treated and stretched temper, T3. The sheet was cut
into the weld coupons of 102 mm x 203 mm (4 in. x 8 in.). The weld coupons were machined
down 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 chemi-
cally cleaned using 5 vol. % NaOH in water, followed by concentrated nitric acid.

Autogenous, bead-on-plate welds were produced transverse to the rolling direction using
two different base metal temper conditions, as-received (T3) and peak-aged (T8), and two different
welding processes, gas tungsten arc (GTA) and electron beam (EB) welding. These processes
were chosen to study the effects of fusion zone microstructures as well as the effects of solute seg-
regation on properties, since there is a significant difference between the cooling rates of these two
processes. Welding parameters for GTAW and EBW are listed in Table 1. For GTA welding,
direct current straight polarity (DCSP) was utilized, and welding was conducted on a water-cooled
chill block in an argon atmosphere.

The base metal and weldments of T3 temper were aged at 160°C, 190°C, and 230°C, to
obtain T8 temper. In addition to the post-weld aged conditions, the solution heat treated and aged
(SHT&A) conditions of the base metal and both weldments were also investigated. The optimum
temperatures for SHT were determined using differential scanning calorimetry. SHT&A 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.

TEM specimens were prepared by 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. '

Results
Mechanical Properties
The yield strength, ultimate tensile strength (UTS), and elongation of base metal, EB

weldments, and GTA weldments are presented in Table 2. The results of the aging study indicate
that 2090 strength degrades after exposure at temperatures greater than 200°C. The best overall
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strength and elongation combination for the base metal follows aging at 160°C. As aging time in-
creases from 16 hours to 32 hours, the yield strength continues to increase while the UTS de-
creases slightly with no changes in total elongation. The base metal aged at 190°C shows no sig-
nificant improvement in the properties. However, specimens aged at 230°C are severely overaged,;
the yield strength decreases to less than 50% of the 160°C peak-aged condition, and the elongation
has the lowest value of all aging conditions.

For EB weldments, the highest strengths are obtained by aging at 160°C for approximately
32 hours. The aging behavior of the EB weldments is similar to that of the base metal when aged
at 190°C and at 230°C. When the peak yield strength at 160°C is compared to that at 190°C and
230°C, the weldment strength decreases from 410 MPa to 340 MPa and to 290 MPa, respectively.
The aging behavior of GTA weldments, on the other hand, indicates higher yield strengths at
190°C than at 160°C. However, the peak yield strength at 190°C is reached between 16 and
24 hours, while the yield strength of weldments aged at 160°C continues to increase and peaks
beyond 32 hours. Aging at 230°C also adversely affects GTA weldment properties. The joint
efficiencies of EB and GTA weldments in the near peak aged condition are 75% and 55%, respec-
tively.

As presented in Table 2, EB and GTA weldment elongations are significantly lower than
those of base metal, especially in the aged condition. Visual observation of the tested as-welded
EB and GTA specimens reveal severely localized deformation at the fusion zones and minimal de-
formation in other areas. Since there is a significant difference in strength between the base metal
and weld, the effect of the strength incompatibility on the effective elongation was investigated.
For the as-welded EB and GTA weldments with the T3 base metal temper, the elongation is 4.4%;
however, with the T8 temper the as-welded weldment elongation decreases to 1.3% and 3.6%,
respectively. Thus, a part of the decreased weldment elongation is caused by the strength incom-
patibility. In order to eliminate the strength incompatibility between the base metal and weld, GTA
specimens composed only of weld metal were tested (Figure 1b). In the as-welded condition, the
all-weld metal specimens elongated 17% in comparison to 4.4% elongation of the composite
specimens. In the peak-aged condition, the all-weld metal specimens exhibit only 1.5% elonga-
tion; however, this value is still higher than the composite specimen elongation of 0.8%. The re-
sults of all-weld metal specimens indicate that the effective elongation of the weldments is much
less than the actual elongation of the fusion zone.

The differences in the strengths of the longitudinal and composite specimens depend on the
aging conditions. In the as-welded condition, the strength of the longitudinal weld specimens is
17% higher than that of the composite specimens. In the peak-aged condition, the strength of the
composite specimens is 16% higher. ‘

The strength incompatibility may have some effect on the weldment elongation, but other
mechanisms must also be associated with controlling weldment elongation since the elongation
consistently decreases with aging. In order to homogenize the solute distribution in the weld and
to erase prior thermal mechanical processing of the base metal, the weldments as well as the base
metal are solution heat treated and aged. The strengths of the base metal and weldments aged for
4 hours at 160°C are almost same, and EB weldment elongation increases to 5.4%. As the aging
time increases to 16 hours, EB weldment elongation decreases to 1.8%, while the difference in
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strength betWeen the EB weldment and base metal is small. GTA weldment elongation did not
improve. The results again show that other microstructural factors are responsible for low weld-
ment elongation in the aged conditions.

Fractography

SEM fractographs show different fracture modes for the base material, EB weldments, and
GTA weldments. In general, the base material fractures in shear. Figure 2 shows the SEM frac-
tographs of the base metal in peak-aged and overaged conditions. In the peak-aged condition, the
fracture surface appears planar-transgranular whereas in the over-aged condition, the surface ap-
pears ductile with subgrain delamination. The fracture mode and failure location in the EB weld-
ments change with aging condition. Figure 3 shows EB fracture surfaces in the as-welded, peak
aged, and SHT&A conditions. The fracture surface of as-welded EB specimens indicates ductile
fracture with void formation and slip evident, Figure 3a. Failures occur at the fusion boundary.
In the peak aged condition, the fracture surface reveals interdendritic fracture, Figure 3b, and fail-
ures occur within the fusion zone. Very fine spherical precipitates are observed at the boundaries.
For the SHT&A condition, the fracture surface appears different from that in the post-weld aged
conditions. The shape of the grains seems rounder, and a uniform distribution of heterogeneous
- precipitates is present at the boundaries, resulting in interdendritic fracture, Figure 3c. Figure 4
shows the fracture surface of an overaged specimen revealing a uniform distribution of spherical
precipitates at the dendrite boundaries that promotes interdendritic fracture.

The fracture mode of the GTA weldments are ductile dimple with secondary cracks at the
dendrite boundaries.  Failure occurs close to the center of the fusion zone. Figure 5 shows the
SEM fractographs of the as-welded, peak aged, and overaged conditions. The as-welded GTA
fracture surface is similar to the as-welded EB fracture surface with void formation and slip evident
along the dendrite boundaries, Figure 5a. In the peak-aged condition, spherical precipitates deco-
rate the dendrite boundaries, and in the overaged condition, these precipitates become globular, as
shown in Figures 5b and Sc. Figure 6 shows the GTA specimen fracture surface after SHT&A for
4 hours. There are three distinct regions: the lamellar microstructures of base metal, the dendrite
microstructures of the weld, and the partially melted region (PMR) of the HAZ. Figure 6b shows
the PMR identified by smooth surface and various precipitate sizes. PMR is also present on the
other fracture surfaces of SHT&A GTA weldments with more pronounced precipitation. Low
weldment elongation in SHT&A specimens may have resulted from PMR.

Discussion

Weldability .

The results of this study show that in addition to mechanical and chemical cleaning, weld-
ing should be done in an inert atmosphere. Visual observation of the EB and GTA fusion zones
indicates that they are free of large scale porosity. However, fine porosity appears on some of the

EB fracture surfaces viewed with SEM.

Hot cracking of GTA weldments was encountered during the welding procedure develop-
ment. Hot cracking occurs when the welding mode changes from continuous current to pulsed
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current, and when the heat input, i.e. current, is excessive. With proper welding parameters, hot
cracking did not occur during GTA welding. Hot cracking did not occur during EB welding.
These observations agree with other studies which reported that hot cracking can be reduced by
grain refinement in the fusion zone, from columnar grains to equiaxed grains [14]. The advantages
of equiaxed grains are that they accommodate contraction strains more easily, and backfill and
healing of incipient cracks are more effective[15]. In addition, since hot cracking is an intergran-

" ular cracking phenomenon, by having fine equiaxed grains, more energy is required to propagate

the crack.
Effect of Grain Size

The grain size dependence on the strength can be predicted using the Hall-Petch relation-
ship [16]. The influence of grain size on strength is small for the range of grain sizes considered.
The average dendrite size in the EB fusion zone is 10 pum, and the average dendrite and grain sizes
in the GTA fusion zone are 20 um and 150 pwm, respectively, while the average grain size of the
base metal is an order of magnitude larger. Assuming that the SHT produced a homogeneous dis-
tribution of solutes in the weldments and prior thermal mechanical processing (TMP) of the base
metal is erased, the effect of grain size on strength is compared for the SHT&A conditions, see
Table 2. For the variation in the grain sizes considered, the strengths of weldments and base metal
are quite similar. 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. TMP is utilized to attain uniform distribution of the solutes in the
base metal and to control the formation and distribution of the precipitate phases in the base metal
during aging [17]. By influencing the precipitation behavior, a combination of high strength and
toughness is obtained. The major strengthening precipitate phases in 2090 are §'(AlzLi),
T1(AL2CuLi), 6'(Al2Cu), and B'(Al3Zr). Among the precipitates that adversely affect the proper-
ties are 8(AIL1) and the iron containing phase, Al;CugFe [18,19,20].

For the weldments, prior TMP is erased in the fusion zone. Instead, the degree of solute
segregation is established during welding. Since EB welding is a faster cooling rate process than
GTA welding, the solute segregation is more limited. Disregarding the effect of microstructure,
the effects of solute segregation and consequently precipitate distribution on yield strength are
compared between EB and GTA weldments; the difference in yield strength are 70 MPa and 100
MPa in the as-welded and near peak aged conditions, respectively.

In order to quantify solute segregation in the fusion zone of both as-welded EB and GTA
weldments, an energy dispersive x-ray line scan was performed across the dendrites. Figure 7
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, 1000 cps and 100 cps, re-
spectively. The Al concentration profile shows Al depleted regions across the dendrite boundaries
and at precipitates. The Cu concentration profile of the same line contains Cu peaks across the
boundaries but not at the precipitates. For the GTA fusion zone analysis, Zr was also analyzed
since Al depleted regions are present without the corresponding Cu peaks. The same sensitivity
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scales were used as in the previous analysis. Figure 8a shows the concentration profiles of Al and
Cu. The Al valleys and Cu peaks are better defined in the GTA fusion zone but the profiles are
similar to those in the EB fusion zone. Figure 8b shows the concentration profiles of Al and Zr
within the same region. The Al concentration profile is the same as in Figure 8a. The Zr concen-
tration profile exhibits no definite peaks until the line intersects one of the precipitates and then the
concentration reaches a maximum, indicating the presence of Zr-containing precipitates at the
boundary. On aging these Cu and Zr concentration gradients at the boundaries form precipitate
gradients across the boundaries and establish precipitate-free regions within the dendrites.

In order to further characterize the effect of aging on precipitation behavior within the fu-
sion zone, TEM was done on the as-welded, peak-aged and SHT&A GTA welds. There is some
controversy regarding the exact composition of the plate-like precipitate phases [18,20]. For the
purpose of this paper, the distribution of these plate-like precipitates is more important, and they
will be merely described as plate-like precipitates. Figure 9 shows the bright field image of the
as-welded specimen in the [110] orientation. The SAD pattern shows superlattice diffraction spots
that confirm the presence of &' and ' phases. In addition, atomic absorption spectroscopy was
utilized to analyze for lithium in the bulk, and the analysis indicated no lithium loss from the weld.
The micrograph reveals the distribution of dislocations, and &' and B' phases, but no plate-like
- precipitates are found. Tosten, et al. [18] have found similar results in their as-quenched base
metal specimen, where inhomogeneous dispersion of Al3Zr and very fine distribution of &' were
present, but no evidence of @', T1, 8 was found. Figure 10 shows the bright field image of peak-
aged specimen in the [100] orientation. The micrograph shows a fine distribution of &' phase and
a non-uniform distribution of plate-like precipitate phases around the boundary. Large spherical
precipitates are also found at the boundaries. Figure 10 shows the bright field image of the
SHT&A specimen in the [211] orientation. The micrograph reveals a uniform distribution of plate-
like precipitates as well as &' and a random distribution of §'. In addition, plate-like precipitates
are present at the dendrite boundaries.

The results of the TEM analysis indicate that the distribution of precipitates is associated
with the deterioration in weldment strength and elongation. In the as-welded condition, no plate-
like precipitates are found in the fusion zone, which limits the strength of the weldments. On the
other hand, the as-welded condition shows a limited dendrite boundary precipitation, which may
explain the higher elongation of the as-welded specimens. In the peak-aged condition, the non-
uniform distribution of precipitates in the fusion zone appears to be the cause for the lower weld-
ment strength than that of the base metal. The higher strength of the SHT& A weldments is asso-
ciated with a homogeneous distribution of the plate-like precipitates in the fusion zone. However,
as the aging time increases, heterogeneous precipitation also occurs at the dendrite boundaries.
There is a variation in the precipitate morphology with the heat treatment. In the postweld aged
condition, the precipitate morphology is globular as a result of solute segregation, and in the
SHT&A condition the precipitate morphology changes to plate-like, influencing the weldment
elongation differently. The presence of the plate-like precipitates at the dendrite boundaries has a
less adverse effect on the weldment elongation than that of the globular precipitates. The plate-like
precipitates seem to be coherent in habit plane while the globular precipitates are probably incoher-
ent.
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Conclusions

The weldability of 2090 is studied along with the metallurgical changes associated with
welding and aging. The following conclusions are drawn.

1) Porosity can be controlled by machining and chemically cleaning the surfaces and
welding in an inert atmosphere. Hot cracking can be eliminated by use of proper welding param-
eters.

| 2) The best aging temperature for the base metal and EB weldments is 160°C resulting in a
75% joint efficiency and for the GTA weldment is 190°C resulting in a 55% joint efficiency.
Aging at 230°C leads to a serious deterioration in the properties.

3) The strength of the EB weldments is higher than that of the GTA weldments, perhaps
because of the difference in the solute distribution and consequently, the precipitate distribution.
Grain size has a limited influence on the strength of the alloy.

4) Weldment elongation is significantly lower than that of the base metal. The deterlora-
tion is associated with precipitation at the dendrite boundaries.
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EBW /GTAW/BM EBW/GTAW/BM EBW/GTAW/BM

Heat Treatment  0.2% Yield Strength UTS/FS*3 % Total Elongation

(°C/Hours) (MPa) (MPa) (25.4 mm gage length)
PWAT

160/8 341/230/501 380* /292 /572 06/12/89

160/16 - [262/538 - /314%/583 - /0.8/94

160/32 413/282/549 436* /342* /574 02/08/94

19072 307/ -/ - 313*/ - [ - 03/ -1/ -

190/4 337/266/474 360* / 325* / 520 05/07/8.8

190/16 345/307/476 361%* /345% /527 03705/ 11.2

190724 - 1307/ - - /345%/ - - /05/ -

230/2 - /219/ - - /276 | - - /12/ -

230/4 294 /232/316 333* /293* /394 0.7/10/11.0

230/16 254 /224 /247 302* /276* / 339 13/12/17.38
SHT & A2

160/4 284 /284 /287 387* /365* / 334* 54/25/6.9

160/16 388/355/381 450* / 401* / 453* 1.8/1.1/10.1
Base Metal TemperS

T3 176 /103 /279 268 /245 /345 44/44/11.2

T8 186 /131 /549 258* /247* /564 1.3/3.6/94
All Weld Metal 4

As-Welded - /125/- -/237/ - -/170/ -

160/32 - /236/ - -/303/ - -/15 /-

1 pwA: post weld aged.
2 SHT &A: post weld solution heat treated and aged.

3 As-welded.

4 See Figure 1b.

S FS*: fracture strength,
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Current:

Voltage:

Travel speed:
Electrode diameter:
Electrode angle:

Electrode to work distance:

Shielding gas:
Vacuum pressure:

GTAW

110A

18-20V

6.4 mm/s

2.4 mm

90-120 deg

1.6 mm

75% He-25% Ar
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EBW

9.5 mA
80kV
16.9 mmy/s

280 mm

2x104 Torr
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SEM fractograph of EB weldment aged at 230°C for 16 hours.

SEM fractographs of GTA weldments: a) as-welded condition; b) aged at 190°C for
160 hours; ¢) aged at 230°C for 16 hours.

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.

EDX line scan of Al and Cu in the EB fusion zone.

EDX line scan of the GTA fusion zone: a) concentration profiles of Al and Cu;
b) concentration profiles of Al and Zr.

TEM bright field image of as-welded GTA fusion zone; [110] orientation.

Figure 10: TEM bright field image of peak-aged GTA fusion zone; [100] orientation.

Figure 11: TEM bright field image of solution heat treated and aged GTA fusion zone;

[211] orientation.
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