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B a c k g r o u n d 

The fusion and near heat-affected 
zones of GTA weldments in Ti-6AI-6V-
2Sn and Ti-6AI-4V sheet often exhibit 
poor tensile ductility in the as-welded 
condition (Ref. 1-3). This characteristic 
has been attributed to the large prior-
beta grain size associated with these 
regions (Ref. 4) and the nature of the 
microstructure, which consists of alpha, 
alpha-prime martensite, and a small quan
tity of metastable beta (Ref. 1). Efforts to 
improve the ductility of weldments in 
these alloys through postweld heat treat
ment have been the subject of numerous 
investigations. Property optimization 
studies on GTA weldments in Ti-6AI-
6V-2Sn sheet have indicated that a supe
rior tensile strength/ductility combination 
can be obtained through the triplex heat 
treatment: 

1350°F [732°C]/6 h, FC + 1700°F 
[927°C]/3 h, FC 4- 1350°F [732°C]/3 
h, FC (Ref. 2). 
The proposed metallurgical reasoning 

for each step is summarized as follows: 
1. Step one ages the alpha prime and 

retained beta at low temperatures where 
alpha nucleation is favored over growth, 
thereby creating a fine alpha 4- beta 
structure in these regions. 

2. Step two promotes a globulariza-
tion of intragranular alpha created during 
step one at a temperature just below the 
beta transus. 

3. Step three coarsens the fine alpha 
formed on cooling from 1700°F [927°C] 
(Ref. 2). 

A more recent study has applied a 
similar triplex heat treatment to GTA 
weldments in thin-sheet Ti-6AI-4V (Ref. 
3). Although the investigators did observe 
a significant increase in ductility after 
triplex heat treatment, they expressed 
concern over the necessity of the triplex 
heat treatment in lieu of a single high-
temperature heat treatment (Ref. 3). 
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Considering the importance of mini
mizing vacuum heat treatment time, par
ticularly from an economics standpoint, it 
would be desirable to know if a triplex 
heat treatment is required in order to 
provide superior weldment properties in 
these alloys. The objectives of the 
present study were: 

1. To compare the mechanical prop
erties, microstructures and fracture 
behavior of triplex heat-treated weld
ments with those of single-cycle and 
duplex heat-treated weldments. 

2. To consider the phase transforma
tion phenomena associated with these 
heat treatments. 

Experimental 

Full-penetration, bead-on-plate weld
ments were produced on 0.125 in. (3.2 
mm) thick Ti-6AI-6V-2Sn and Ti-6Al-4V 
sheet (Table 1) using the gas tungsten-arc 
welding process at 225 A, 12 V DCSP, 5 
ipm (2 mm/s). Subsequent to welding, 
coupons were given one of three differ
ent vacuum heat treatments: 

1. A triplex heat treatment identical to 
that previously described for Ti-6AI-6V-
2Sn (Ref. 2). 

2. A simpler, duplex heat treatment 
which eliminated the initial low-tempera
ture age. 

3. A single-cycle heat treatment which 
employed only the high temperature por
tion of the triplex heat treatment. 

Following heat treatment, coupons 
were machined into longitudinal tensile 
specimens which provided an all-fusion-
zone gage section; dimensions were: 
gage length—1 in. (25.4 mm), gage sec
tion cross-sectional area 0.017 in.2 (11.0 
mm2). Tensile testing was performed on 
an Instron testing machine at a crosshead 
rate of 0.05 ipm (0.02 mm/s). Yield 
strength and elongation were measured 
with a 1.0 in. (25.4 mm) extensometer. 

Weldment Characterization 

As Table 2 shows, a triplex heat treat
ment is very effective in improving the 
weld fusion zone ductility. However, 
results indicate that identical properties 
can be obtained with simpler duplex or 

Table 1—Fusion Zone Chemical Analyses 
for Ti-6AI-6V-2Sn and Ti-6AI-4V GTA 
Weldments, Wt-% 

Element 

Al 
V 
Sn 
Cu 
Fe 
O 
H 
N 
C 

Ti-6AI-6V-2Sn 

5.9 
5.8 
1.9 
0.43 
0.54 
0.19 
0.0010 

-
0.013 

TF6AI-4V 

6.4 
3.8 

-
-
-

0.11 
< 0.001 

0.031 
0.006 

Table 2—Fusion Zone Tensile Properties of Ti-6AI-6V-2Sn and Ti-6AI-4V GTA Weldments'*' 

Alloy 

Ti-6AI-6V-2Sn 

Heat 
treatment^ 

AW 
T 
D 
S 

YS,(c) 

ksi (MPa) 

134 (923) 
134 (923) 
137 (944) 

UTS,<C> 
ksi (MPa) 

182 (1108) 
147 (1012) 
146 (1006) 
148 (1020) 

EIW 
% 

0.2 
7.8 
7.8 
8.4 

TJ-6AI-4V AW 
T 
D 
S 

134 (923) 
118 (813) 
118 (813) 
118 (813) 

156 (1075) 
132 (910) 
133 (916) 
132 (910) 

3 
7.3 
7.9 
7.7 

u)Average of three tests for each alloy condition. 
(b,AW - as-welded; T-1350°F (732°C)/6 h FC + 1700°F (927°C)/3 h FC + 1350°F (732°C)/3 h FC; D-1700°F (927°Q/3 h 
FC + 1350°F (732°C)/3 h FC; S - 1700°F <927°C)/3 h FC. 
<C,YS —yield strength; UTS —ultimate tensile strength; El —elongation. 
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Fig. I —Light micrographs of Ti-6AI-6V-2Sn weldment fusion zone 
microstructures which experienced triplex (A), duplex (B), or single-cycle 
(C) heat treatment. HF -h HNO3 etch; X400 

Fig. 2 —Light micrographs of TI-6AI-4V weldment fusion zone micro-
structures which experienced triplex (A), duplex (B), or single-cycle (C) 
heat treatment. HF + HNO3 etch; X400 

single cycle heat treatments. As expected 
considering the similarities in welding 
conditions and as-welded mechanical 
properties, triplex heat-treated weldment 
properties obtained in the present inves
tigation compare well with those deter
mined in previous studies (Ref. 2,3). 

Consistent with earlier investigations 
(Ref. 1-3), the as-welded fusion zone 
macrostructures exhibit large, columnar, 
prior-beta grains. This prior-beta grain 
structure is not altered by subtransus 
postweld heat treatment. As Figs. 1 and 2 
illustrate, the fusion zone microstructures 
of the triplex, duplex, and single-cycle 
heat-treated weldments appear identical 
for each respective alloy; they consist of 
coarse, lenticular intragranular alpha 
plates plus a semi-continuous alpha net
work at prior-beta grain boundaries. This 
grain-boundary alpha phase tends to be 
coarser and more continuous in Ti-6AI-
6V-2Sn than in Ti 6AI-4V. As Fig. 3 
illustrates, thin-foil observations of the 
microstructures indicate the presence of 
retained rather than transformed beta 
between the coarse alpha plates 

Finally, fracture of weldment fusion 
zones occurs similarly in a predominantly 
transgranular mode for ail heat treat
ments—Fig. 4. High-magnification fracto

graphs of the fracture surfaces show a 
microvoid nucleation, growth, and co-
alesence mode of fracture. 

Metallurgical Considerations 

With regard to the results described 
above, it is important to reconsider the 
proposed metallurgical mechanism by 
which the triplex heat treatment provides 
an optimum weld microstructure. 

As-Welded Structure 

Phase transformations experienced by 
a titanium weldment during subtransus 
postweld heat treatment depend to a 
considerable degree on the characteris
tics of the as-welded microstructure. 
Considering the cooling rates experi
enced by weldment fusion zones in the 
present investigation (approximately 125-
150°F/s or 69-83°/s), in context of con
tinuous-cooling transformation studies on 
Ti-6AI-6V-2Sn (Ref. 1) and Ti-6AI-4V 
(Ref. 5,6), it is apparent that alpha nucle
ation and growth occurs prior to the 
martensitic transformation. Such alpha 
nucleation and growth is, indeed, evident 
in the as-welded microstructures, particu
larly in the vicinity of prior-beta grain 
boundaries —Figs. 5A and B. 

Recent transmission-electron micros
copy studies on comparatively-cooled 
GTA weldments in these alloys have also 
provided evidence of beta decomposi
tion by nucleation and growth in weld
ment regions where preferred nucleation 
sites exist (eg., beta grain boundaries) or 
where cooling rates are not sufficiently 
great (Ref. 7). The morphology exhibited 
by these regions has been found to be a 
colony structure consisting of aligned 
alpha plates separated by thin strips of 
beta. Martensitically transformed regions 
in the weld zone, which typically sur
round the nucleation and growth prod
ucts, have been shown to exhibit acicular 
plates of varying size and orientation. 

Aging and Coarsening Phenomena 

Aging studies on Ti-6Al-4V (Ref. 8) and 
Ti-6AI-6V-2Sn (Ref. 9) rapidly cooled 
from above the beta transus have shown 
that two concurrent reactions occur dur
ing low-temperature aging: 

1. Decomposition of alpha-prime mar
tensite to alpha and beta. 

2. Precipitation of fine alpha in the 
retained metastable beta. 

The decomposition of alpha-prime has 
been shown to involve the heterogenous 
nucleation and growth of beta phase 

* 

Fig. 3 — TEM micrographs of triplex heat-treated TI-6AI-6 V-2Sn (A,B) and TI-6AI-4 V (CD) weldment fusion zone microstructures showing retained beta 
(arrows) between coarse alpha particles 
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Fig. 4 — Predominantly transgranular fusion zone fracture surfaces of triplex heat treated Ti-6AI-6V-2Sn (A,B) and TP6AI-4V (CD) weldments 

B 
Fig. 5-Light micrographs of as-welded Ti-
6AI-6V-2Sn (A) and TI-6AI-4V (B) fusion zone 
microstructures. HF + HN03 etch, X400 

primari ly at martensite plate boundaries 
(Ref. 10). As aging proceeds, the beta 
phase films pr ior martensite plates w i t h a 
cont inuous beta layer and the martensite 
plates approach the equi l ibr ium compos i 
t ion of the alpha phase at the aging 
tempera tu re (Ref. 10). These aging phe
nomena in the Ti-6AI-4V and Ti-6AI-
6V-2Sn we ld fusion zones likely occur to 
a considerable degree during the thermal 
excursions to 1350°F (732°C) for the 
tr iplex heat t reatment or 1700°F (927°C) 
fo r the single-cycle and duplex heat treat
ments. 

Subsequent overaging dur ing the 
excursion and at heat t reatment temper-
ature(s) p romotes a coarsening o f favor
ably sized and or iented alpha plates at 
the expense of the smaller, less-favorably 

or iented plates. Consider ing the f ine size 
o f alpha precipitates in retained beta 
regions compared to the alpha and aged 
alpha-pr ime plates, it seems unlikely that 
they w o u l d survive the compet i t i ve 
coarsening process. Thus, it appears that 
the number of alpha nuclei available for 
coarsening at e levated tempera ture 
depends primari ly on the morpho logy o f 
the as-welded a lpha/a lpha-pr ime micro-
structure, and cannot be effect ively 
increased by an intermediate tempera
ture heat t reatment . This observat ion is 
suppor ted by the identical duplex and 
triplex heat- t reated microstructures and 
by morpholog ica l parallels b e t w e e n the 
as-welded and heat- t reated microstruc
tures w i th regard to the alpha plate 
aspect ratios. 

A subject of final considerat ion con 
cerns the significance of the th i rd step in 
the triplex heat t reatment , a step wh ich 
repor tedly coarsens fine alpha f o r med 
dur ing cool ing f r o m 1700°F (927CC). 
Because of the s low cool ing rates exper i 
enced dur ing furnace cool ing and the 
general availability of alpha nuclei in the 
microstructure, there is little dr iv ing force 
for addit ional alpha precipi tat ion dur ing 
cool ing. The preexisting alpha plates sim
ply g r o w and consume the surrounding 
beta phase, w i t h this coarsening occur
ring primari ly at temperatures above 
1350°F (723°C). Consequent ly , the third 
step in the triplex heat t reatment w o u l d 
not be expected to inf luence alpha 
coarseness. This ineffectiveness has been 
demonst ra ted in the present investigation 
by the identical single-cycle and duplex 
heat- t reated microstructures. 

S u m m a r y 

The present investigation has con
f i rmed the effect iveness o f a tr iplex heat 
t reatment in improv ing the fusion zone 
ducti l i ty of GTA we ldments in Ti-6AI-4V 

and Ti-6Al-6V-2Sn sheet. However , 
results have indicated that the structure 
and propert ies obta ined w i t h a triplex 
heat t reatment can also be p roduced 
w i t h a simpler, single-cycle heat treat
ment . The apparent ineffectiveness o f 
the initial and final steps in inf luencing the 
final we ld structure can be unders tood 
by considering the metallurgical response 
of the as-welded structure to the individ
ual thermal cycles. 
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WRC Bulletin 270 
September, 1981 

Long-Range Plan for Pressure Vessel Research—Sixth Edition 
by The Pressure Vessel Research C o m m i t t e e 

Every three years, the PVRC Long-Range Plan is reissued. The Fifth Edition was distributed as widely 
as possible for review and comment. A number of additional problem areas have been suggested by the 
ASME BPVC, as well as by other organizations and by individuals within PVRC. Most of the problems in 
the Fifth Edition have been modified to meet current needs, and a number of new problems have been 
added to this Sixth Edition. 

The list of "PVRC Research Problems" is comprised of 64 research topics, divided into three groups 
relating to the three divisions of PVRC—i.e., Materials, Design and Fabrication. Each project is outlined 
briefly in a project description, giving the Title, Statement of Problem and Objectives, Current Status, 
and Action Proposed. 

Because of budget limitations, PVRC will not be able to investigate all of these problems in the 
foreseeable future. Therefore, the cooperation and efforts of other groups in studying these areas is also 
invited. If work is planned on one of the problems, PVRC should be informed in order to avoid 
duplication. 

Publication of this bulletin was sponsored by the Pressure Vessel Research Committee of the Welding 
Research Council. 

The price of WRC Bulletin 270 is $11.50 per copy. Orders should be sent with payment to the Welding 
Research Council, 345 East 47th St., New York, NY 10017. 

WRC Bulletin 273 
December, 1981 

Design Implications of Recent Advances in Elevated Temperature Bounding Techniques 
by J . S. Porowski, W. J. O'Donnell and M. Badlani 

Recent advances in bounding (i.e., limiting) techniques and simplified methods of analysis for 
components operated in the creep regime are used herein to obtain some very useful design guides. 
Damage mechanisms are determined for a wide range of dimensionless design parameters, operating 
pressure and cyclic thermal conditions, and material properties. 

Publication of this report was sponsored by the Subcommittee on Elevated Temperature Design of the 
Pressure Vessel Research Committee of the Welding Research Council. 

The price of WRC Bulletin 273 is $10.00 per copy, plus $3.00 for postage and handling. Orders should 
be sent with payment to the Welding Research Council, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 274 
January, 1982 

International Benchmark Project on Simplified Methods for Elevated Temperature Design and Analysis: Problem II—The Saclay 
Fluctuating Sodium Level Experiment; Comparison of Analytical and Experimental Results; Problem III—The Oak Ridge Nozzle to 
Sphere Attachment 
by H. Kraus 

Problem II. Recently, experimental results became available on the second benchmark problem on 
simplified methods for elevated temperature design and analysis: the Saclay fluctuating sodium level 
experiment. These are compared to previously published numerical and analytical results in WRC Bulletin 
258, May 1980. 

Problem III. The Oak Ridge Nozzle to Sphere Attachment is analyzed by finite element computer 
programs and by approximate analytical techniques. The methods are described and the results 
obtained by each are compared. No experimental data are available. 

Publication of these reports was sponsored by the Subcommittee on Elevated Temperature Design of 
the Pressure Vessel Research Committee of the Welding Research Council. 

The price of WRC Bulletin 274 is $10 per copy, plus $3.00 for postage and handling. Orders should be 
sent with payment to the Welding Research Council, 345 East 47th St., New York, NY 10017. 
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