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EFFECTS OF PRECIPITATE DISTRIBUTION ON 293 K 
AND 77 K PROPERTIES OF 2090-T81 WELDMENTS

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

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

Although 2090-T81 precipitation behavior has been well documented, 
the weld precipitation behavior has not been as-well characterized. The purpose 
of this study is to characterize the EB and GTA fusion zone precipitates and 
their distribution and to correlate the microstructure to 293 K and 77 K 
properties. The base metal strengths are greatly enhanced by a homogeneous 
distribution of Ti precipitates at 293 K and 77 K, but the presence of Ti and T2 
at the boundaries has an adverse effect on the elongation at 77 K. The weld 
strengths are limited by a lack of strengthening precipitates. Fusion zone 
embrittlement is caused by the formation of Cu-Fe containing film and strain 
localization at the dendrite boundaries.

INTRODUCTION

2090-T81 alloy has very good mechanical properties at room and cryogenic 
temperatures, but good weldability is also an essential prerequisite for some applications [1,2]. 
Much recent attention has been devoted to weldability studies and limited attention given to 
welding metallurgy and the understanding of the mechanisms, which control the properties. 
Ideally, compatibility in strength, toughness, and ductility is desired between the base metal 
and the weld; however, without proper thermal-mechanical processing the weld properties are 
always inferior to the base metal properties [3-5].

Contrary to earlier work by Martukanitz et al. [6], 2090 is very weldable and has 
acceptable engineering properties [7,8]. However, there is a strong inverse relationship 
between the weld strength and elongation with post-weld aging [9]. As the strength increases, 
the elongation decreases rapidly even at early stages of aging. Although this inverse 
relationship has been attributed to a solute gradient transforming to a precipitate gradient 
thereby causing strain localization at the boundary, there is limited literature available dealing 
with the characterization of the fusion zone microstructure. The purpose of this study is to 
characterize the fusion zone precipitates and their distribution and to correlate the microstructure 
to the 293 K and 77 K properties of peak-aged 2090 weldments. In order to simplify an 
already complicated system and to have better control over the properties, only the welding 
processes are varied with overall composition held constant. Thus, the differences in the 
properties will be governed only by the precipitates and their distribution.

EXPERIMENTAL PROCEDURE

The nominal chemical composition of 2090 is, in wt-%, 3.0Cu-2.2Li-0.12Zr-Al. The 
as-received 2090 sheet was in T3 temper (solution heat treated and stretched 4.6%). The weld 
coupons were cut to usable dimensions, and the surfaces were machined to remove the
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processing oxide and to eliminate distortion. Prior to welding, the weld coupons were 
chemically cleaned with 5 vol-% sodium hydroxide in water followed by nitric acid.

Electron beam (EB) and gas tungsten arc (GTA) welding were utilized and the heat 
inputs needed to produce a full penetration weld were 45 J/mm and 310 J/mm, respectively. 
GTA welding was conducted on a water-cooled chill block in an argon atmosphere and EB 
welding in vacuum (10'4 torr). Autogenous, bead-on-plate welds were produced transverse to 
the longitudinal direction of the T3 tempered base metal for both processes.

After the weld reinforcements were machined off, the final thickness of the weldments 
was reduced from 3.2mm to 2.54mm. The base metal and weldments were post-weld aged at 
160°C for 32 hours to obtain peak-aged condition. A 25.4mm composite gage length 
consisting of both fusion zone and base metal was used for the welded tensile specimens, and 
the base metal specimens were made in longitudinal direction. The tension tests were 
conducted at 293 K and at 77 K.

Transmission electron microscopy (TEM) specimens were made from the base metal, 
and EB and GTA fusion zones. The specimens were prepared by polishing the disks to 
0.125mm thickness and jet-polished using 25 vol-% nitric acid in methanol at -30°C. To 
minimize preferential attack of intermetallics in the welded specimens, a high intensity fiber 
optic light source and a constant voltage of 20V were used. The foils were viewed at lOOkV 
using a Philips EM 301. Energy dispersive x-ray (EDX) analysis was performed using 
scanning transmission electron microscope attached on a Philips EM 400.

RESULTS

Tensile Properties

The tensile properties of the base metal, EB and GTA weldments are presented in 
Table 1. In the peak-aged condition, the base metal strengths were high with relatively good 
elongation at 293 K. Although the 77 K strengths were higher by at least 10%, the elongation 
decreased by 45%. The specimens failed prematurely in shear at the clips, caused by notch 
sensitivity of 2090.

Sunwoo, Miyasato, and Morris: Effects of Precipitate Distribution on 293 K and 77 K Properties of2090-T81
Weldments

Table 1. Peak-aged tensile properties of base metal, EB and GTA weldments 
at 293 K and at 77 K.

293 K
Base Metal: 
EBW:
GTAW:

<7ys
MPa

574
438
314

Ours3
MPa

608
445a
372a

Total Elongation
{%)

9.4
0.3
0.8

77 K
Base Metal: 634 712a 5.2
EBW: 476 493a 0.3
GTAW 320 375a 0.6

a Fracture strength.

Page 2



Even in the peak-aged condition, the strength mismatch between the base metal and the 
welds was persistent. EB weldments showed an increase in strengths similar to the base metal 
with decreasing temperatures but the strength mismatch was maintained, with a joint efficiency 
of about 75%. (Joint efficiency is a ratio of weldment yield strength to base metal yield 
strength.) The EB weldment elongation was very low, 0.3%.

GTA weldments, on the other hand, had both low strength and low elongation. A 
negligible increase in strengths was found at 77 K, and the joint efficiency decreased from 55% 
to 50%. At both temperatures, EB and GTA weldments failed prematurely in the fusion zone 
with little observable deformation.

Fractography

Figure 1 shows the SEM fractographs of the base metal, and EB and GTA weldments 
tested at 77 K: the fracture appearance for each condition is unique and remains unchanged for 
both 273 K and 77 K. The fracture mode for the base metal is, as commonly seen, mixed 
ductile-transgranular fracture with delamination in the through thickness direction, Fig. la. EB 
weldments with equiaxed dendrite morphology showed a predominantly interdendritic failure, 
Fig. lb.

GTA weldments failed in a mixed fracture mode, ductile dimples with secondaiy cracks 
along the dendrite boundaries, Fig. 1c. The dendrites appeared to have necked and the failure 
occurred as the voids coalesced. Because of the nature of cellular dendrite morphology (high 
aspect ratio, with the long axis in tensile direction) the individual dendrites may act as 
independent tensile specimens during deformation; and because 2090 has overall low strain 
hardening rate, strain localization may cause premature failure. This simple view of the fusion 
zone deformation becomes complicated with the aging. TEM was utilized to develop a 
understanding of the precipitation behavior and its influence on the properties.

Transmission Electron Microscopy

The mechanical properties of precipitate-strengthened 2090-T81 depend upon the size, 
distribution, and volume fraction of the precipitates. The strengthening phases are 5'(Al3Li), 
0'(Al2Cu), and Ti(Al2CuLi) where both 0’ and Tj have plate morphology and Ti is the 
primary strengthening phase. Moreover, Tj, an equilibrium phase along with T^AlgCuLis), is 
shown to form heterogeneously at the boundaries [10,11].

Figures 2a through c are a series of centered dark field (CDF) images from the same 
area of base metal taken using [110] zone axis: Fig. 2a is imaged in the 001 S' CDF; Figs. 2b 
and 2c are two edge-on variants of Ti CDF. The S' CDF micrograph showed a distinct o- and 
©’-precipitate free zone (PFZ) adjacent to the high-angle boundary with T2 precipitates 
outlining the boundary (arrowed in Fig.2). The PFZ was not as obvious at the low-angle 
boundary even though Ti precipitates were present at the boundary. The PFZ developed as a 
consequence of having both equilibrium phases concurrently present up to and at the high- 
angle boundary, where the precipitates competed for solute. However, the effects of PFZ on 
the properties should be a minimal since Ti precipitates form uniformly up to the boundaries. 
However, the presence of Ti and T2 phases at the boundaries should have an effect on the 
elongation.

As a result of the solute segregation in the fusion zone, precipitation occurred mostly at 
the vicinity of the boundaries. Thus, PFZ was not found in EB nor GTA welds. Instead, the 
EB fusion zone consisted of localized distributions of 0' and Ti with comparatively 
homogeneous distribution of S' within the dendrite, Fig. 3. In contrast, the GTA fusion zone
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consisted of high concentrations of mostly 8' and 0' precipitates up to the boundary with 
sparsely distributed Ti within the matrix, Fig. 4.

The EB and GTA fusion zone boundaries were decorated with intermetallic constituents 
and a continuous film. Figure 5 shows two edge-on variants of Ti CDF images of the EB 
dendrite taken using [110] zone axis; Fig. 5a shows Ti precipitates on the boundary and 
Fig. 5b continuous film/intermetallic formation on the boundary. These intermetallics and film )
were present in all the welded specimens but not in the base metal specimens.

The EDX analysis was performed throughout the EB fusion zone to locate Cu, since *
there were limited T\ and 0’ precipitates present within the dendrites and also to determine the 
composition of the intermetallics. The analysis indicated that the average composition of the 
EB fusion zone was similar to the base metal, but, locally, inhomogeneities in Cu distribution 
were found with positive Cu gradients to the boundaries. In addition, there was also a 
variation in the intermetallics compositions at the boundary; the analysis of the dendrite 
boundary shown in Fig. 5b detected Cu and some Fe while some boundary constituents were 
composed of very high concentrations of Cu, Si, and Fe. The base metal analysis on the other 
hand consisted of expected composition of 2090 but no detectable segregation of Fe or Si was 
found.
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20 jam

Fig. 1. SEM fractographs of: (a) base metal; (b) EB weldment; and (c) GTA weldment 
tested at 77 K. (XBB897-5597-B)
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250 nm

Fig. 2. TEM micrographs from the same area of peak-aged base metal taken using [110]
zone axis: (a) 001 8' CDF; (b) two edge-on variants of Ti CDF. (XBB897-5598-A)

250 nm

Fig. 3. TEM micrographs of peak-aged EB fusion zone taken using [110] zone axis: 
(a) 001 8' CDF; and (b) edge-on variant of Ti CDF. (XBB897-5880-A)
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250 nm

Fig. 4. TEM micrographs of GTA fusion zone taken using [110] zone axis: (a) bright field; 
and (b) 001 5’ CDF. (XBB897-5784-A)

250 nm

Fig. 5. TEM micrographs of peak-aged EB fusion zone taken using [ 110] zone axis: 
(a) and (b) two edge-on variants of Tj CDF. (XBB897-5783-A)
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DISCUSSION

2090-T81 obtains its good mechanical properties through a homogeneous distribution 
of strengthening precipitates. TMP prior to aging not only led to a homogeneous distribution 
of Ti phase within the matrix, but also Ti formation at the subgrain boundaries. As a 
dislocation moves through the matrix, the motion is impeded by the Ti precipitates, yielding 
higher strengths. At lower temperatures, there is less thermal activation leading to a greater 
resistance to dislocation motion and causing an increase in strain hardening rate and in strength 
[12] However, the presence of equilibrium precipitates at the boundaries has an adverse effect 
on the elongation. At the boundary precipitates the microvoid formation occurs due the stress 
and strain imcompatibility between the incoherent and hard precipitates and the adjacent matrix 
and as these voids coalesce, subsequently results in failure [13]. At lower temperatures, this 
incompatibility will be greater and failure tends to occur prematurely at the boundary. Thus, a 
significant decrease in the elongation has been observed at 77 K.

The strength difference between the base metal and the welds is caused by the lack of 
strengthening Ti precipitates in the bulk of the fusion zone and its localization around the 
boundaries. Segregation of Cu to the boundaries limits the amount of Cu available to 
precipitate Ti phase. Although Cu segregation is prominent at the EB boundaries, an EDX line 
scan across the GTA boundaries indicates an even greater degree of Cu segregation than that of 
EB boundaries [9]. With a greater Cu segregation to the boundaries, there is less Cu available 
to precipitate Ti phase in the GTA matrix. Hence the dissimilarity in weld strengths must also 
be attributed to the difference in the number of Ti precipitates present in the matrix since Ti 
precipitate formation is dependent on Cu content. Inhomogeneities in Tj distribution are 
observed.

Fusion zone embrittlement is observed in the aged condition and is a result of the Cu-Fe 
containing film formation at the dendrite boundaries, which causes low boundary strength, and 
strain localization induced by precipitates near the boundaries. However, in the as-welded and 
solution heat treated (SHT) conditions EB and GTA weldment elongations are about 4% and 
greater than 15%, respectively. Moreover, in the solution heat treated condition the EB 
weldment has failed in the base metal.

This continuous film formation is not a problem for the base metal since Fe or Si is 
distributed more homogeneously. However during welding, resolidification occurs and the 
solutes are rejected to the boundaries and create the solute enriched region at the boundaries. 
Even if the local Fe and Si contents in the base metal are negligible, detrimental effect on the 
elongation is incurred when they accumulate at the boundaries.

An improvement in the elongation is feasible with the filler metal additions even though 
the strength mismatch between the base metal and the weld persists, [14]. As yet, there is no 
effective method of increasing the strength of the weld without the post-weld aging. In order 
to minimize the strength mismatch and improve the weldment elongation, further study in the 
aging treatment for the fusion zone is essential.

CONCLUSIONS

The purpose of this study is to characterize the fusion zone precipitates and their 
distribution and to correlate the microstructure to the properties. When the precipitate 
distribution of the base metal is compared to those of the EB and GTA fusion zones, the effect 
of thermal mechanical processing of the base metal is obvious. With a homogeneous 
distribution of Ti precipitates, the base metal strengths are greatly enhanced at 293 K and at
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77 K, but the presence of Ti and T2 at the boundaries has an adverse effect on the elongation 
at 77 K.

The EB and GTA fusion zone strengths are limited by a lack of strengthening 
precipitates available in the matrix due to a severe Cu segregation to the boundaries. Fusion 
zone embrittlement is caused by the formation of Cu-Fe containing film and strain localization 
at the boundaries. The joint efficiencies of EB and GTA weldments are 75% and 55% at 
293 K and 75% and 50% at 77 K, respectively, with unfavorably low weldment elongations.
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