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Of several alpha-beta alloys investigated, Ti-6211 was found 
to be susceptible to subsolidus weld cracking 
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ABSTRACT. Near alpha and alpha-beta 
titanium alloys are attractive structural 
materials for aerospace and marine appli
cations because of their high specific 
strength and stiffness and their inherently 
good corrosion resistance. Although con
sidered to have good weldability, some 
alpha-beta titanium alloys have been 
found to suffer from subsolidus weld 
cracking in constrained heavy-section 
weldments. It has been shown that this 
weld cracking results from a general loss 
of ductility at temperatures immediately 
below the beta-to-alpha transformation 
finish temperature (Refs. 1-6). A Cleeble 
thermal mechanical testing system was 
used to measure the hot ductility of 
several model alpha-beta alloys during 
simulated weld thermal cycles. The corre
sponding microstructures were then 
examined and characterized with respect 
to several variables. It was found that the 
ductility of the model alloys could be 
correlated with a particular component 
of the room temperature microstruc
tures, a lamellar Widmanstatten colony 
structure. As the amount of the lamellar 
structure was increased, the high-tem
perature ductility loss was increased in 
severity and extent. The lamellar micro-
constituent was found to be favored by 
lean alloys, the choice of niobium as a 
beta stabilizer, and low cooling rates. 
These results show that subsolidus weld 
cracking can be avoided by proper alloy 
selection, and by the choice of a welding 
process and process parameters that 
avoid the formation of the lamellar micro-
constituent. 

Introduction 

Near alpha and alpha-beta titanium 
alloys are attractive structural materials 
for aerospace and marine applications 
because of their high specific strength 
and stiffness, and their inherently good 
corrosion resistance. However, the suc
cessful utilization of these materials 
requires that they be subjected to fabri
cation processes such as hot rolling and 

welding. Although generally considered 
to have good weldability because of their 
freedom from excessive segregation and 
hot cracking (Refs. 1-3), some alpha-beta 
titanium alloys have been found to suffer 
from subsolidus cracking in both the 
heat-affected and fusion zones of CTA 
and GMA welds (Ref. 1). Figure 1 (Ref. 1) 
shows macrophotographs of cracks pro
duced during Varestraint testing of GTA 
welds in Ti-6AI-2Nb-1Ta-0.8Mo (Ti-
6211). 

Previous investigations have examined 
this weld cracking, both with the use of 
the Varestraint test (Ref. 1), and with 
tensile testing during Gleeble simulation 
of heat-affected zone thermal cycles 
(Refs. 2, 3). In one such Gleeble study, 
Lewis and Caplan (Ref. 2) measured the 
ductility of several titanium alloys during a 
simulated GTAW HAZ cooling cycle. 
Their results, shown in Fig. 2, suggested 
that the severity of the ductility loss varies 
from alloy to alloy, but is associated with 
the presence of 6% aluminum. Expanding 
on this work, Bowden and Starke (Ref. 4) 
investigated the high-temperature ductili
ty of Ti-6211 under isothermal condi
tions. These researchers found that in 
Ti-6211, poor hot ductility was associated 
with the presence of a grain boundary 
alpha film and equiaxed prior beta grains, 
regardless of transformation structure. 
Bowden and Starke concluded that the 
ductility loss resulted from the creation of 
a particular microstructure rather than 
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from the dynamic conditions associated 
with the welding process (Ref. 4). 

Several observations can be made 
based on these studies. The first is that 
subsolidus weld cracking is a symptom of 
a general loss of ductility, which occurs 
over a narrow temperature range. The 
second observation is that in all cases, the 
weld cracks and low-ductility failures are 
macroscopically intergranular, but actual
ly occur by ductile rupture of an alpha 
film at the prior beta grain boundaries. 
This is shown in Fig. 3, fractographs of a 
Varestraint weld crack in Ti-6211 (Ref. 1). 
A third observation that can be made is 
that the ductility loss occurs, to a varying 
degree, in a wide range of alloys. In terms 
of specific alloys, it has been shown that 
of the two most widely investigated 
alloys, Ti-6211 and Ti-6AI-4V (Ti-64), Ti-
6211 is much more susceptible to weld 
cracking. 

In addition to studying the behavior of 
several alloys, Lewis (Ref. 5) and Hayduk 
(Ref. 1) also investigated the effect of 
cooling rate on weld cracking and hot 
ductility. Both investigations showed that 
the temperature of cracking, or minimum 
ductility in tension tests, decreased with 
increasing cooling rate. These results are 
presented in Fig. 4. Figure 4 also shows 
that both the Varestraint weld cracking 
and the minimum ductility temperature in 
Gleeble testing occurred in the tempera
ture range of the beta-to-alpha transfor
mation finish. Together, these results sug
gest that the ductility loss is associated 
with the beta-to-alpha transformation, 
either some aspect of the transformation 
itself or the formation of a particular 
transformed microstructure. 
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Fig. 1 — Varestraint weld cracks in autogenous GTA weldments of 
Ti-6211 (Ref. 1). Both fusion zone and heat-affected zone cracking can 
be seen 

Fig. 2 — High-temperature ductility of several titanium alloys showing 
severe ductility loss in alloys containing 6 % aluminum. Data of Lewis and 
Caplan (Ref. 2). 

One possible way that the beta-to-
alpha transformation could contribute to 
the high-temperature ductility loss is 
through the development of a transfor
mation stress due to the beta-to-alpha 
lattice incompatibility. This possibility has 
been discussed elsewhere (Ref. 3) and is 
the subject of a parallel investigation. It 
was the purpose of this investigation 
however, to investigate the relationships 
between transformed microstructure and 
hot ductility. Bowden and Starke (Ref. 4) 
found no such relationship in their inves
tigation of Ti-6211. However, the results 

of other investigations (Refs. 6-11) sug
gest that hot ductility and transformation 
structure may be related. Figures 5 and 6 
show the microstructures present in Ti-
6211 and Ti-64 GTA and GMA weld
ments, respectively. These figures show 
that Ti-64, which is far less susceptible to 
subsolidus weld cracking, has a signifi
cantly different structure than does Ti-
6211 (Refs. 1, 10). 

The transformation structures usually 
seen in alpha-beta titanium alloy weld
ments are similar in many ways to those 
seen in ferrous systems. Titanium weld

ment microstructures usually consist of an 
alpha allotrimorph at the prior beta grain 
boundaries and a mix of lamellar and 
basketweave Widmanstatten structures. 
In some cases, alpha-prime martensite is 
also present. These structures can be 
generally understood in terms of their 
production through the competition of 
four individual transformations. As the 
material cools, the first alpha to form is an 
allotriomorph that nucleates heteroge-
nously at the prior beta grain boundaries 
and grows by the advance of a planar 
interface, shown in Fig. 7A. The second 
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Fig. 3 — Fractographs of Varestraint weld cracks in a Ti-6211 GTA weldment (Ref. 1). A and B — Cracking is macroscopically brittle; C—but occurs by 
localized ductile rupture 
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step occurs when the planar interface 
breaks down due to constitutional super
cooling and the transformation continues 
by the growth of Widmanstatten side
plates. This process results in the forma
tion of the lamellar structure shown in Fig. 
7B. As the transformation proceeds, 
eventually a temperature and level of 
undercooling are reached where it is 
energetically favorable for the remaining 
beta to transform by intragranular nucle
ation and growth, forming a fine basket-
weave Widmanstatten structure, shown 
in Fig. 7C. At very high cooling rates, the 
nucleation and growth transformations 
can be avoided entirely, and the trans
formed structure is one of fine alpha-

prime martensite. 
It was the purpose of this to further 

characterize the high-temperature ductili
ty of a group of model alpha-beta titani
um alloys, and to examine relationships 
between alloy content, cooling rate, 
transformed microstructure and hot duc
tility. Variables examined were alloy con
tent and thermal cycle, and thus indirect
ly, transformed microstructure. In terms 
of alloy content, the level of beta stabili
zation and the choice of particular beta 
stabilizing element were examined. Ti-
6211 and Ti-6AI-V4 were used as refer
ences and a range of cooling rates was 
chosen to approximate the range seen in 
welding processes. 

Experimental Procedure 

The alloys investigated in this study 
included Grade 2 unalloyed titanium, Ti-
6AI, Ti-6AI-2V, Ti-6AI-4V, Ti-6AI-6V, Ti-
6AI-4Nb, Ti-6AI-2V-2Nb, and Ti-6211. 
The sources and compositions of these 
materials are given in Table 1. 

Simulated Weld Thermal Cycles 

Examples of cooling rates seen in arc 
welding processes are listed in Table 2 
(Ref. 12). These cooling rates are shielded 
metal arc welds on 0.5-in. (12.7-mm) 
thick steel plate and thus overlaps the 
lower range of those seen in 0.5-in.-thick 
titanium GTA and GMA welds. Typical 
cooling rates for GTA and GMA welds on 
0.5-in.-thick titanium are between 2° and 
50°C/s (4° and 90°F) at 650°C (1202°F), 
for heat inputs of 1180 to 2360 )/mm 
(Ref. 6). The overall range of weld ther
mal cycles was approximated using a 
Gleeble 1500 thermal mechanical testing 
system and the following thermal cycle: 
1) heat to 1200°C (2192°F) in 2 min, 2) 
hold at 1200°C for 5 min, and 3) cool at 
constant rates varying from 0.167° to 
100°C/s (0.3° to 180°F). 

This thermal cycle was used for the 
majority of the tests performed in this 
investigation. In some cases, however, 
different annealing times and/or temper
atures were used to alter specific aspects 
of the transformed microstructures. The 
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Fig. 5 — Regions in a Ti-6211 GTA weldment showing coarse, lenticular alpha-prime martensite (Ref. 1). A and C — Fusion zone; B and D — heat-affected 
zone 
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Fig. 6—Regionsina T/-6A1-4VGTA weldment showing fine Widmanstatten alpha plus beta and grain boundary alpha (Ref. 1). A and C — Fusion zone; B 
and D — heat-affected zone 
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% . 7 - Optical micrographs of TI-6AI-4V. As cooling rate increases: A - structure changes from Widmanstatten colonies; B and C-to basketweave 
alpha plus beta and alpha-prime martensite 

cooling rates used for each alloy are 
given in Table 3. 

All Gleeble testing was performed in 
an atmosphere of flowing argon and in a 
chamber that had been evacuated and 
back-filled several times. Prior to testing, 
all Gleeble samples were degreased in a 

2% HF, 30% H 2N0 3 aqueous solution, 
rinsed in water, and air dried. 

CCT Diagram Development 

Partial continuous cooling transforma
tion diagrams were developed for each 

Table 1—Compositions of Materials Used (wt-%) 

Alloy Al O Fe 

alloy, for the range of cooling rates stud
ied, using the radial dilatometry fixture of 
the Gleeble 1500. The sample configura
tion used most frequently was a rod, 6.3 
cm (2.5 in.) in diameter and approximate
ly 7.5 cm (3 in.) long, resulting in a free 
span of approximately 1.5 cm (0.6 in.). In 
some cases, the desired cooling rate was 
higher than could be obtained with the 
conductive cooling afforded by the Glee
ble system. In these cases, tubular speci
mens were used, which were quenched 
by flowing high-purity helium over and 

CPTi 
(a) 

Ti-6AI 
(b) 

Ti-6AI-2V 
(b) 
(c) 
(d) 

Ti-6AI-4V 
(a) 
(e) 
(b) 

Ti-6AI-6V 
(b) 
(c) 
(d) 

Ti-6AI-4Nb 
(b) 
(c) 
(d) 

5 89 

5.91 
5.42 
6.05 

6.10 
6.00 
5.98 

5.96 
5.91 
5.76 

Al 

6.06 
6.36 
6.25 

1.98 
2.05 
2.03 

4.20 
4.10 
4.02 

5.82 
6.09 
5.93 

Nb 

4.32 
4.06 
3.93 

0.1 

0.126 
0.107 

0.200 
0.200 

0.095 
0.116 

O 

0.093 
0.040 

0.002 

0.003 
0.001 

0.009 
0.007 

0.002 
0.003 

H 

0.001 
0.003 

0.11 

0.02 
0.02 

N 

0.09 

0.04 

0.02 
0.18 
0.04 

0.09 
0.06 
0.05 

Fe 

0.02 
0.04 
0.04 

th rough the specimen. 
t ion start 
mined by 
specimen 

The t ransforma-

and finish points w e r e deter-
the slope chan ge in a curve of 
d iameter versus tempera ture . 

Table 2—Typical Arc Weld 
(Ref. 12) 

Welding 
Conditions 

Energy 
Input 
l /mm 

1970 
1970 
1970 
3940 
3940 

Preheat 
Temperatun 

°C 

22 
120 
205 

22 
205 

Cooling Rates 

Cooling Rate 
(°C/s at 
650° C) 

Square-
; Groove Fillet 

Weld Weld 

11 44 
7 34 
5 20 
4 10 
1.7 5 

Ti-6211 

(a) 
(f) 
(g) 

Al 

5.7 
6.0 
5.9 

M o 

0.68 
0.81 
0.60 

Ta 

1.0 
0.9 
0.9 

Nb 

2.1 
1.9 
2.0 

O 

0.068 
0.071 
0.056 

0.010 
0.009 
0.011 

0.004 
0.005 
0.008 

Fe 

0.04 
0.09 
0.09 

Data for 13-mm-thick steel plates, shielded metal arc welding 
process (Ref. 12). 

Table 3—Specific Cooling Rates Used 

Al 

Ti-6AI-2V-2NB 
(c) 5.69 
(d) 5.67 

1.92 
2.13 

Nb 

1.70 
1.92 

O 

0.103 
0.109 

0.006 
0.004 

Fe 

0.06 
0.11 

(a) 0.25-in.-diameter rod supplied by Astro Metallurgical, beta-worked. 
(b) 250-g buttons supplied by TIMET, homogenized 1100°C/6hr, cold rolled 15%, and recrystallized 1000°C/30s. 
(c) 0.5-in.-diameter rod supplied by TIMET, ingot top, beta-worked. 
(d) 0.5-in.-diameter rod supplied by TIMET, ingot bottom, beta-worked. 
(e) 0.25-in.-diameter rod supplied by Astro Metallurgical, beta-worked, different heat than (a). 
(f) 0.5-in.-thick plate supplied by RMI (Ref. 10), alpha-beta worked. 
(g) 0.5-in.-thick plate supplied by RMI, (Ref. 9), alpha-beta worked. 

Alloy 

Unalloyed titanium 
Ti-6AI 
Ti-6AI-2V<a> 

-4V 
-6V 

Ti-6211<b> 
Ti-6AI-2V-2Nb 
Ti-6AI-4Nb 

Cooling Rates (°C/s) 

10 
10 
0.17, 1, 10, 50 
0.17, 1, 5, 10, 20 
0.17, 0.5, 1, 2, 10 
0.17, 5, 10, 50 
0.17, 1, 10, 20 
0.17, 1, 10, 20, 50 

(a) 10 °C/s tests run using beta anneals of 5 min/1200°C, 5 
min/11°C, 5 min/1300°C, and 10 min/1300°C. 
(b) duplicate sets of tests run with beta anneals of 5 min/ 
1200°C and 5 min 1100°C 
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Fig. 8-Optical micrographs of TI-6AI-2V. A-D-Cooled at 0.17"C/s, 10°C/s, 50"C/s and 
100oC/s. As cooling rate increases, lamellar structure (A) is replaced by fine basketweave structure 
(D) 

In some cases, the dilatometric results 
were verified by metallographic analy
ses. 

Hot Ductility Testing 

It has been shown that the subsolidus 
weld cracking in alpha-beta titanium 
alloys is associated with a minimum in a 
curve of ductility versus temperature 
(Refs. 1, 5). In this investigation, the hot 
ductility of the alloys tested, measured as 
reduction in area, was characterized by 
performing tensile tests at several tem
peratures during a simulated weld cool. 
The specimen configuration used was 
similar to that used in the CCT diagram 
development. The initial and final diame
ters of the specimens were measured 
using either a traveling microscope or 
calipers. 

The tensile tests were performed iso
thermally, with the heat to the sample 
turned off. This was done to prevent the 
localized heating, which could occur if 
the specimen formed a neck away from 
the thermocouple. The effective engi
neering strain rate was taken to be the 
crosshead displacement rate divided by 
one-third of the specimen-free span. This 
definition was based on a characteriza
tion of the longitudinal thermal gradient 
present in a Gleeble specimen (Ref. 13) 
and observation of the deformed zone in 
failed specimens. A crosshead displace

ment rate of 1 cm/s (2.5 in./s) was used 
throughout and specimen-free spans 
varied between approximately 0.75 cm 
(0.3 in.) and 2.4 cm (0.9 in.). Thus, the 
effective engineering strain rates used 
were between 1.25 s~1 and 4 s - 1 . Previ
ous investigations (Refs. 5, 11) have 
shown that the high-temperature ductility 
of these alloys is unaffected by variations 
in strain rate over several orders of mag
nitude, so the variation of strain rate 
within this investigation was not believed 
to be significant. 

Specimen Examination 

Optical microscopy was performed on 
all specimens to characterize the trans
formed microstructures. Both transverse 
and longitudinal sections were examined. 
Several microstructural features were 
quantitatively characterized. These in
cluded prior beta grain size, amount and 
thickness of grain boundary alpha, and 
the amount of the two major microcon-
stituents seen in weldments of these 
alloys —the lamellar Widmanstatten 
structure and the basketweave Widman
statten structure. Standard specimen 
preparation techniques and Kroll's re
agent were used throughout (Ref. 14). 

In addition to the measurement of 
reduction in area, ductility and failure 
mode of selected specimens were also 
qualitatively evaluated by fractography 

using a JEOL 840A scanning electron 
microscope. These specimens were 
cleaned in acetone and no surface prep
aration was used. 

Results and Discussion 

This investigation was designed to doc
ument the relationships between alloy 
content, cooling rate, transformed micro-
structure and high-temperature ductility 
of a group of model alpha-beta alloys. 
The first section of this investigation was 
a study of the transformation kinetics of 
the model alloys. This was accomplished 
by the development of a partial CCT 
diagram for each alloy, and the character
ization of the transformed microstruc
tures with respect to several variables. 
The second section of this investigation 
was the study of the high-temperature 
ductility of each alloy. Finally, the relation
ships between transformation kinetics, 
transformed microstructures and hot 
ductility were evaluated to determine if 
general conclusions could be made re
garding the weldability of these alloys. 

Transformation Kinetics 

The transformation start and finish 
temperatures for all of the alloys are 
listed in Table 4. These data show that 
vanadium had the greatest effect on 
retarding the beta-to-alpha transforma
tion, niobium had the smallest effect, and 
combinations such as Ti-6Al-2V-2Nb and 
Ti-6AI-2Nb-1Ta- 0.8Mo (Ti-6211), had an 
intermediate effect. These results are 
consistent with an examination of the 
relative effects of these elements as bina
ry additions to titanium (Refs. 15, 16). 
However, the diffusivities of vanadium 
and niobium in beta titanium are nearly 
equal (Refs. 17, 18). 

Figures 8-13 show the microstructures 
produced at several cooling rates for 
each of the alloys tested. These figures 
show that a similar range of microstruc
tures is produced in each of the alloys 
tested, with the exception of Ti-6211. In 
each of the alloys, the microconstituents 
include some combination of a grain 
boundary alpha film, a lamellar Widman
statten structure, and a fine basketweave 
Widmanstatten structure, usually at the 
prior beta grain centers. The microstruc
tures produced in any individual alloy 
show that as the cooling rate is increased, 
the lamellar structure is increasingly 
replaced by the basketweave structure. 
This is consistent with the assumption 
that the lamellar structure results primarily 
from the growth of a pre-existing allotrio-
morph, and the basketweave structure, 
by intragranular nucleation and growth. 
As a result, the basketweave structure is 
favored by increased cooling rates, 
which cause the transformation to occur 
at relatively greater undercooling. 
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Table 4—Beta-to-Alpha Transformation Start 
and Finish Temperatures for Several Alloys 
and Cooling Rates 

Alloy 

Unalloyed 
titanium 

Ti-6AI 

Ti-6AI-2V 

Ti-6AI-4V 

TF6AI-6V 

Ti-6AI-2V-2Nb 

Ti-6211 

Ti-6AI-4Nb 

Cooling 
Rate 

(°C/s) 

50 
20 
10 
5 

50 
20 
10 
5 

50 
20 
10 
5 

100 
50 
20 
10 
5 

50 
20 
10 
5 

50 
10 
5 

0.1 

50 
20 
10 
5 

50 
20 
10 

0.17 

Ts (°Q 

830 
865 
880 
895 

940 
950 
960 
960 

850 
850 
860 
870 

805 
820 
825 
830 
830 

715 
725 
730 
735 

815 
835 
835 
900 

835 
850 
865 
875 

875 
880 
875 
915 

Tf (°C) 

-
845 
850 
860 

-
-

925 
930 

-
815 
820 
825 

-
765 
780 
785 
790 

-
-
-

685 

790 
795 
795 
870 

800 
820 
815 
830 

-
830 
835 
860 

Figures 8-13, and in particular Figs. 
8-10, also show that increasing the level 
of any individual beta stabilizing element 
shifts the creation of a particular micro-
structure to lower cooling rates. For 
example, the microstructure produced in 
Ti-6AI-2V at 20°C/s (36°F/s) is similar to 
those produced in Ti-6AI-4V at 10°C/s 
and in Ti-6AI-2V at 2°C/s. The interde
pendence of alloy content and cooling 
rate is clearly shown if the transformed 
microstructures are characterized by the 
amount of the lamellar colony structure 
present. In Table 5, the amount of the 
lamellar Widmanstatten microconstituent 
is listed for each alloy and cooling rate 
used. Figure 14 plots the amount of the 
lamellar microconstituent as a function of 
cooling rate for the alloys tested. These 
data show that the lamellar microconsti
tuent is favored by lean alloys, low cool
ing rates, and the choice of niobium as a 
beta stabilizer. 

Figure 13 shows that the microstruc
tures produced in Ti-6211 differ signifi
cantly from those in the other alloys. In 
Ti-6211, as in the other alloys tested, the 
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Fig. 10-Optical micrographs of TI-6AI-6V. A-D-Cooled at 0.17°C/s, 1"C/s, 2°C/s and 5°C/s. 
As cooling rate increases, lamellar structure (A) is replaced by fine basketweave structure (D) 
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100°C/s. As cooling rate increases, lamellar structure (A) is replaced by fine basketweave structure 
(C) and coarse, lenticular alpha-prime martensite (D) 
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Fig. 12-Optical micrographs of Ti-6AI-2V-2Nb. A-D-Cooled at 0.1 "C/s, 5°C/s, 10"C/s and 
50°C/s. At all cooling rates, structure is predominantly fine basketweave alpha plus beta and 
alpha-prime martensite, with only a small amount of lamellar structure at the prior beta grain 
boundaries 

Table 5—Volume Percent Widmanstatten 
Colony Structure in Alloys Tested at Several 
Cooling Rates 

Alloy 

TF6AI-2V 

TF6AI-4V 

TF6AI-6V 

Ti-6AI-4Nb 

Ti-6AI-2V-2Nb 

Ti-6211 

Ti-621l'a» 

Cooling 
Rate 

("C/s) 

0.17 
5 

10 
20 

0.17 
4 

10 
20 

0.17 
0.5 

1 
2 
5 

10 

0.17 
5 

10 
20 
50 

0.1 
5 

10 
20 
50 

0.17 
5 

10 
50 

0.17 
4 

10 
20 

Volume 
Percent 
Colony 

(%) 
100 
74 
53 
40 

100 
26 
15 
6 

100 
25 
12 
5 
4 
1 

100 
62 
57 
47 
10 

100 
40 
29 
26 
11 

100 
57 
39 
17 

100 
57 
39 
26 

(a) Beta anneal of 5 min/1100°C. 

microstructure formed at very high cool
ing rates consists of fine, alpha-prime 
martensite. However, at moderate cool
ing rates, the microconstituent that coex
ists with the lamellar Widmanstatten in 
Ti-6211 is not a fine basketweave struc
ture, but a coarse, acicular microconsti
tuent with an obvious midrib and three 
apparent habit planes. This microconsti
tuent has been identified by Williams and 
Lewis (Ref. 19) as a hexagonal martensite, 
very similar in structure to alpha-prime. 
However, the acicular martensite occurs 
only at moderate cooling rates, 10° to 
100°C/s (18° to 180°F/s), and at tem
peratures much higher than are typically 
associated with alpha-prime start temper
atures. Further, the kinetics of its forma
tion suggest that it may be an isothermal, 
rather than athermal, transformation 
product. As the cooling rate is decreased 
below 50°C/s (90°F/s), the lenticular 
microconstituent becomes increasingly 
finer, and at approximately 10°C/s, simi
lar in appearance to the basketweave 
plus lamellar structures present in the 
other alloys. Although the basketweave 
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Table 6—Minimum High-Temperature 
Ductility for Alloys Tested at Several 
Cooling Rates 

Alloy 

Ti-6AI-2V 

(a) 
(b) 
(c) 

TF6AI-4V 

TF6AI-6V 

Ti-6AI-4Nb 

Ti-6Al-2V-2Nb 

Ti-6211 

Ti-6211 (a) 
(a) 
(a) 
(a) 

Cooling 
Rate 

(°C/s) 

0.17 
5 

10 
10 
10 
10 
20 
50 

0.17 
1 
5 

10 
20 

0.17 
0.5 

1 
2 
5 

10 

0.17 
5 
10 
20 
50 

0.1 
1 

10 
20 

0.17 
5 

10 
50 

0.17 
4 

10 
20 

(a) Beta anneal of 5 min/1100°C. 
(b) Beta anneal of 5 m in /1300°C 
(c) Beta anneal of 10 rmin/1300°C. 

Minimum Hot 
Ductility 

(%) 
25 
40 
50 
49 
46 
49 
67 
75 

26 
35 
67 
82 
95 

33 
40 
47 
50 
50 
54 

26 
32 
45 
54 
26 

19 
33 
49 
55 

16 
17 
16 
16 

24 
32 
24 
30 

and lamellar structures are ubiquitous in 
the alloys studied, the coarse lenticular 
microconstituent is rare, appearing only 
in Ti-6211 and in Ti-6AI-4Nb cooled at 
50°C/s. 

Hot Ductility Testing 

The results of the hot ductility testing 
are shown in Figs. 15-20. These figures 
show reduction in area versus tempera
ture for each of the alloys tested, and the 
minimum hot ductilities are summarized 
in Table 6. These data show that, with the 
exception of Ti-6211 and rapidly-cooled 
Ti-6AI-4Nb, the mechanical behavior of 
all of the alloys tested is similar. All of the 
alloys tested showed a definite and 
approximately equal loss of high-temper
ature ductility at temperatures immedi
ately below the beta-to-alpha finish tem
peratures. These data also show that for 
a given alloy, the ductility loss is most 
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Fig. 13 -Opticalmicrographs ofTi-6211. A-D -Cooledat, 0.17"C/s, 10°C/s, 20"C/s and 50°C/s. 
As cooling rate increases, lamellar structure (A) is replaced by coarse, lenticular alpha-prime 
martensite (B), and finally by a fine, acicular microconstituent (C, D) 

severe at low cooling rates. This is shown 
in Fig. 21, a plot of minimum hot ductility 
versus cooling rate for all of the alloys 
tested. 

The similarity in behavior of all the 
alloys tested appears to contradict the 
results of earlier investigations (Refs. 6 -
10, 21). In particular, the results of Lewis 
and Caplan (Ref. 2), Usknov (Ref. 7) and 
Hayduk (Ref. 1) suggested that the sever
ity of the ductility loss varies significantly 
between alloys. However, each of these 
investigations used either a single cooling 
rate or a very limited range of cooling 
rates. The results of the current investiga
tion show that the large alloy depen
dence noted in earlier investigations may 
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actually be due to the cooling rate 
dependence of the ductility loss in the 
individual alloys tested. 

The results shown in Figs. 15-21 also 
show that the behavior of Ti-6211 and 
rapidly-cooled Ti-6Al-4Nb are significant
ly different from that of the other alloys 
tested. Specifically, the ductility loss in 
Ti-6211 was found to be particularly 
severe and unaffected by cooling rate 
changes. This agrees with the earlier 
results of Bowden and Starke (Ref. 4). In 
the case of Ti-6AI-4Nb, the ductility loss 
was found to be unusually severe in 
material cooled at 50°C/s, but similar to 
that of the other alloys at lower cooling 
rates. 

Fig. 14 - Volume 
percent 
Widmanstatten 
colony structure 
versus cooling rate 
for all alloys tested. 
Amount of colony 
structure increases 
with decreasing 
cooling rate 
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Fig. 15 —Ductility versus temperature curves for TI-6AI-2V cooled at 
rates between 0.17"C/s and 50°C/s. Severity of the ductility loss 
decreases with increasing cooling rate 
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Fig 16—Ductility versus temperature curves for Ti-6AI-4V cooled at 
rates between 0.17"C/s and 50°C/s. Ductility loss is less severe 
than in TI-6AT2V, and decreases with increasing cooling rate 
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Fig. 17 —Ductility versus temperature curves for TI-6AI-6V cooled at 
rates between 0.17°C/s and 10°C/s. At most cooling rates, ductility 
loss is less severe than in TI-6AI-2V 
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Fig. 18 —Ductility versus temperature curves for Ti-6AT4Nb cooled 
at rates between 0.17°C/s and 50°C/s. Note severe loss of ductility 
in material cooled at 50°C/s 

Hot Ductility-Microstructure Relationships 

It has been observed that a region of 
minimum hot ductility exists for each of 
the alloys tested and occurs at tempera
tures immediately below the beta-to-
alpha transformation finish temperature. 
Also, the severity of the ductility loss 
depends on both cooling rate and alloy 
content, factors that affect the kinetics of 
the transformation in a similar manner. 
Combined, these observations suggest 

that poor hot ductility may be associated 
with a particular transformed microstruc
ture or microconstituent. In this case, the 
transformation kinetics determine a criti
cal range of cooling rates for each alloy. 
This possibility was investigated by com
paring the results of the microstructural 
characterization with the hot ductility test 
results, in particular, three aspects of the 
transformed microstructures were inves
tigated: prior beta grain size, amount and 
thickness of the grain boundary allotrio-

morph, and the relative amounts of the 
lamellar and basketweave Widmanstat
ten structures. Additionally, the unusual 
behaviors of Ti-6211 and rapidly-cooled 
Ti-6AI-4Nb were examined with respect 
to the microstructural characteristics 
unique to these alloys. 

Prior Beta Grain Size 

Numerous attempts have been made 
to correlate prior beta grain size with 

Ti-6AI-2V-2Nb 

TEMPERATURE (°C) 

Fig. 19 — Ductility versus temperature curves for Ti-6Al-2V-2Nb cooled 
at rates between 0.17°C/s and 20°C/s. Ductility loss decreases with 
increasing cooling rate but remains severe at 20°C/s 

TEMPERATURE ("Cl 

Fig. 20 — Ductility versus temperature curves for Ti-6211 cooled at 
rates between 0.17°C/s and 50°C/s. Ductility loss is unaffected by 
changes in cooling rate 
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Fig. 21—Minimum hot ductility versus cooling rate for alloys tested, 
showing increasing ductility with increasing cooling rate 
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Fig. 22 — Ductility versus temperature for TI-6AI-2Vsamples with differ
ent prior beta grain sizes. Ductility is unaffected by prior beta grain 
size 

mechanical properties. Although no clear 
correlation has been established, both 
Ushkov (Ref. 7) and Bowden and Starke 
(Ref. 4) found that structures with a large 
prior beta grain size were more suscepti
ble to a high-temperature ductility loss 
than were samples with a smaller prior 
beta grain size. In the current investiga
tion, the effect of prior beta grain size 
was investigated for both Ti-6211 and 
Ti-6AI-2V. The results of these tests are 
shown in Figs. 22 and 23. Figure 22 shows 
ductility versus temperature curves for Ti-
6AI-2V cooled at 10°C/s following four 
different beta anneals. In this case, all the 
curves are essentially the same although 
the prior beta grain size ranged from 0.25 
to 1.0 mm. Figure 23 shows a plot of 
minimum hot ductility versus cooling rate 
for two sets of Ti-6211 data, one 
annealed at 1100°C (2012°F) and the 
other at 1200°C (2192°F). Again, the 
results of the two sets of tests are very 
similar. These results show that prior beta 
grain size is not the dominant factor 
controlling high-temperature ductility in 
these alloys. 

Grain Boundary Alpha Thickness 

Earlier studies have shown that the 
low-ductility failures occur by microvoid 
nucleation and coalescence within a grain 
boundary alpha film (Refs. 4, 10, 20-25). 
Fractography of Varestraint cracks by 
Hayduk, etal. (Refs. 1,6), has verified that 
subsolidus weld cracking occurs by the 
same mechanism. However, attempts to 
relate grain boundary alpha thickness 
with high-temperature ductility in Ti-6211 
have failed to show a clear correlation 
(Refs. 4, 11). Qualitatively, similar results 
have been obtained in this investigation. 
The amount and thickness of the grain 
boundary alpha film was not found to 
vary significantly throughout the range of 
hot ductility behavior observed. These 
results lead to the conclusion that, 
although the failures occur within the 

grain boundary alpha film, deformation 
of this film is not the mechanism control
ling the high-temperature ductility of 
these alloys. 

Amount of Lamellar and Basketweave 
Microconstituents 

As was discussed earlier, the micro-
structures in alpha-beta titanium alloy 
weldments consist primarily of two 
microconstituents. These structures, a 
coarse lamellar Widmanstatten structure 
and a fine basketweave Widmanstatten 
structure, were shown in Figs. 8-13. 
Unlike the grain boundary alpha film, the 
relative amounts of these two microcon
stituents do vary with both alloy content 
and cooling rate, as was shown in Fig. 14 
and Table 5. A comparison of the data in 
Fig. 14 and Table 5 with the results of the 
hot ductility testing shows that hot ductil
ity is decreased as the amount of the 
lamellar microconstituent is increased. 
This suggests that the lamellar structure 
can be associated with poor hot ductility, 
and the basketweave structure with 
good hot ductility. To test this hypothesis, 
the minimum hot ductility was plotted 
against the volume percent of the lamel
lar structure for each alloy over the range 

Ti-62ll 
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of cooling rates studied. The results, pre
sented in Fig. 24, show a definite correla
tion between poor hot ductility and the 
coarse lamellar structure. Although the 
absolute ductility levels differ from one 
alloy to another, the correlation between 
amount of lamellar structure and mini
mum hot ductility is approximately the 
same for all of the alloys tested (with the 
exception of Ti-6211). 

These results are summarized for each 
alloy in Figs. 25-30. These figures show 
the partial CCT diagrams for each of the 
alloys tested, each divided into four 
regions based on amount of the lamellar 
Widmanstatten microconstituent present 
in the transformed microconstituent. 
Ductility contours, similar to those of 
Lewis (Ref. 5) have been superimposed 
onto each diagram. Comparison of these 
figures with Figs. 15-20 shows that sever
al factors can be associated with the level 
of hot ductility in these materials. First, in 
every case, hot ductility is reduced as the 
amount of the lamellar microconstituent 
is increased. This verifies that the hot 
ductility of these materials is controlled 
by the deformation characteristics of the 
transformed microstructure. To a large 
extent, the relationships seen in this and 
other investigations between cooling 

Fig. 23 —Net ductility 
loss for Ti-6211 
samples with 
different prior beta 
grain sizes, showing 
that ductility loss is 
unaffected by prior 
beta grain size 
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Fig. 24-Minimum hot ductility versus volume percent Widmanstatten 
colony structure. Ductility of all alloys increases at a similar rate with 
decreasing amount of colony structure 
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Fig. 25-Ductility contours superimposed onto the CCT diagram for 
TI-6AI-2V. The amounts of lamellar structure produced at several 
cooling rates are also shown. Note that minimum hot ductility is a 
function of cooling rate 
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Fig. 26 —Ductility contours, and the amount of lamellar structure 
produced at several cooling rates, superimposed onto the CCT diagram 
for V-6AI-4V Note that minimum hot ductility is a function of cooling 
rate 
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Fig. 27—Ductility contours, and the amount of lamellar structure 
produced at several cooling rates, superimposed onto the CCT diagram 
for V-6AI-6V Note that lamellar structure is produced only at very low 
cooling rates 

rate, alloy content and hot ductility can 
be explained on the basis of transformed 
microstructure. However, for a constant 
transformed microstructure, minimum 
hot ductility varies between alloys, being 
highest for the leaner alloys, Ti-6AI-2V 
and Ti-6AI-4Nb, and lowest for the heavi
ly-stabilized alloys, Ti-6AI-6V and Ti-6AI-

Fig. 28-Ductility 
contours, and the 

amount of lamellar 
structure produced 

at several cooling 
rates, superimposed 

onto the CCT 
diagram for 

Ti-6AI-4Nb. Low 
ductility at 50"C/s 
corresponds with 

existence of coarse, 
lenticular 

alpha-prime 
martensite 

2V-2Nb. This shows that the intrinsic 
ductility of the alloys, which varies with 
alloy content in a similar manner, also 
contributes to hot ductility. 

The results of this investigation show 
that susceptibility to the high-tempera
ture ductility loss can be predicted with 
reasonable success. Such predictions 

T l -6A l -4Nb 
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10* 1 0 " 

TIME (SECONDS) 

require a knowledge of the cooling rate 
in a particular fabrication process and a 
characterization of the transformed 
microstructures. For most alloys, the duc
tility loss can be avoided by the use of 
processes that result in moderate to high 
cooling rates. When compared to typical 
cooling rates seen in GTA and GMA 
welding processes, the results shown in 
Figs. 25-30 demonstrate why subsolidus 
weld cracking is not usually seen in these 
alloys. Of the alloys tested, only Ti-6A1-2V 
and Ti-6AI-2V-2Nb have lamellar micro-
structures and extremely poor hot ductil
ity at cooling rates typical of GTA and 
GMA welding. Ti-6211 and Ti-6Al-4Nb 
also show very poor hot ductility in a 
cooling rate range that would suggest 
weld cracking susceptibility, and in fact, 
cracking has been observed in Ti-6211. 
However, the microstructures and 
behavior of Ti-6211 and Ti-6AI-4Nb are 
somewhat anomolous and will be dis
cussed in a later section. 

For the bulk of the alloys tested, hot-
ductility occurs when the combination of 
alloy content and cooling rate produce a 
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Fig. 29—Ductility contours, and the amount of lamellar structure 
produced at several cooling rates, superimposed onto the CCT diagram 
for Ti-6AI-2V-2Nb. Minimum hot ductility is a function of cooling rate 

10' 

TIME ISECONDS) 

Fig. 30 — Ductility/microstructure map superimposed onto the CCT 
diagram for Ti-6211. Note that minimum hot ductility is not affected by 
cooling rate or amount of lamellar structure in the transformed 
microstructure 

microstructure containing a large amount 
of the lamellar Widmanstatten microcon
stituent. There are two possible reasons 
for this correlation. The first is that the 
deformation of this structure leads to 
poor hot ductility because of its slip 
characteristics. If this is the case, the 
deformation characteristics of the lamel
lar structure must change with tempera
ture because the microstructure/ductility 
relationships only apply at elevated tem
peratures. To date, it has not been clearly 
established if the slip path length in these 
lamellar structures is controlled by the 
colony or lath size. An investigation is 
underway to thoroughly characterize the 
slip characteristics of these materials as a 
function of temperature. 

A second possible explanation for the 
connection between the lamellar struc
ture and poor hot ductility is that the 
formation of this structure results in a 
local stress. Such a stress could be due to 
lattice strain occurring during the trans
formation or to elastic incompatibility at 
the alpha/beta interfaces. The local stress 
could then contribute to the stress at the 
prior beta grain boundaries and lead to 
the observed failures. One possible 
source of a transformation stress is the 
lattice incompatibility between the beta 
and alpha phases. This possibility is the 
subject of parallel investigation. 

Anomalous Behavior of Ti-6211 

Both the results of this investigation 
and those of Bowden and Starke (Ref. 4) 
indicate that Ti-6211 is an exception to 
the microstructure-hot ductility relation
ships seen in the other alloys. In all cases, 
the high-temperature ductility of Ti-6211 
was uniformly poor, regardless of cooling 
rate. This is clearly illustrated in Fig. 30. In 
this investigation, however, it has been 
demonstrated that the unique behavior 
of Ti-6211 is associated with a range of 
transformed microstructures, which dif
fers substantially from those observed in 

the other alloys. In the majority of the 
alloys studied, the transformed micro-
structures produced over the range of 
cooling rates used varied between lamel
lar and basketweave Widmanstatten 
structures, of which only the lamellar 
structure is associated with poor hot 
ductility. In Ti-6211, the two microstruc
tural components present over the range 
of cooling rates studied were the lamellar 
Widmanstatten structure and a coarse, 
lenticular martensite, both associated 
with poor hot ductility. The coarse, lentic
ular martensite was also found in Ti-
6AI-4Nb cooled at 50° C/s. Figure 28 
shows that this material also had unusual
ly poor hot ductility. Conversely, in earlier 
Varestraint testing, Hayduk, etal. (Refs. 1, 
6, 9), found that the Varestraint cracking 
susceptibility of Ti-6211 GMA weldments 
was reduced in areas where the local 
cooling rate was high enough to avoid 
the formation of the coarse lenticular 
martensite. This investigation did not 
include hot ductility testing with cooling 
rates high enough to avoid the formation 
of the coarse lenticular martensite. 

Summary 

Prior to this investigation, it was known 
that under certain conditions, alpha-beta 
titanium alloys are susceptible to subsoli
dus weld cracking. This behavior was 
demonstrated to be a manifestation of a 
region of very low ductility just below the 
beta-to-alpha transformation finish tem
perature. In this investigation, the trans
formation kinetics, transformed micro-
structures, and hot ductility behavior of 
several model alpha-beta alloys were 
examined. It was found that a grain 
boundary alpha film was present in most 
all of the alloy-cooling rate combinations 
studied. The remainder of the microstruc
tures consisted of lamellar and basket-
weave Widmanstatten structures. The 
lamellar microconstituent was found to 

be favored by lean alloys, slow cooling 
rates, and the choice of niobium as the 
beta stabilizer element. The microstruc
tures in Ti-6211 and Ti-6AI-4Nb differed 
by their inclusion of a coarse, lenticular 
microconstituent identified as alpha-
prime martensite. 

When the hot ductility of the model 
alloys was examined, it was found that, 
with the exception of Ti-6211 and Ti-
6AI-4Nb, the behavior of all of the alloys 
was very similar. All were susceptible to a 
high-temperature ductility loss, the extent 
and severity of which increased as the 
cooling rate was decreased. Combined 
with a characterization of the trans
formed microstructures, these results 
showed that poor hot ductility was relat
ed to a particular microstructural compo
nent, the lamellar Widmanstatten struc
ture. Compared with the data in Table 2, 
the results of this investigation showed 
why only Ti-6211 has been found to be 
susceptible to subsolidus weld cracking. 
However, these results also showed 
quite clearly that all of the alloys tested 
may be susceptible to low-ductility fail
ures. This tendency will be most severe in 
relatively lean alloys, in niobium-contain
ing alloys, and when processes are used 
that result in cooling rates of 1°C/s or 
less. 

Conclusions 

1) Subsolidus weld cracking in Ti-6211 
is a manifestation of a high-temperature 
ductility loss, which is universal in alpha-
beta titanium alloys, but particularly acute 
in Ti-6211. 

2) In alloys other than Ti-6211, the 
effect of cooling rate on the high-temper
ature ductility loss results from changes in 
transformed microstructure. Although 
intrinsic material ductility is also a contrib
uting factor, poor hot ductility is associ
ated with large amounts of a lamellar 
Widmanstatten microconstituent. 
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3) The unusually p o o r hot ducti l i ty and 
cool ing rate insensitivity o f Ti-6211 are 
due to the presence o f a coarse lenticular 
alpha-pr ime martensite, rather than the 
f ine baske tweave Widmansta t ten struc
ture, wh i ch exists in the other alloys 
studied. 

4) In most alpha-beta t i tanium alloys, 
subsolidus w e l d cracking wil l be avo ided 
by the use of standard arc we ld ing p ro 
cesses. Exceptions to this occur w h e n 
al loy-cool ing rate combinat ions are used 
that result in the fo rmat ion o f a largely 
lamellar t ransformed microstructure. 
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A REMINDER TO AUTHORS 

wishing to part ic ipate in the Technical Sessions o f the 71st Annual A W S Convent ion 's "Professional P rog ram" in 
Anaheim, Calif., dur ing Apri l 2 2 - 2 7 , 1990: 

Your Au thor Appl icat ion Forms and the 5 0 0 - w o r d summaries of papers p roposed fo r presentat ion at the 71st 
Annual A W S Conven t ion are n o w due. 

" A n Invitation to Au tho rs " (facing the Au thor Appl icat ion Form) appeared on page 170-s of the Apri l 1989 issue o f 
the Welding Journal. Both the Invitat ion and Appl icat ion called fo r authors to mail their applications and 5 0 0 - w o r d 
summaries t o A W S Headquarters by July 1. The mailing date has been ex tended to July 10 for authors unable t o 
meet the earlier date. For fur ther in format ion or assistance, contact Secretary-Technical Papers Commi t tee at A W S 
Headquarters, (800)-443-9353. 

(The Au thor Appl icat ion Forms and accompany ing Abstracts of papers p roposed for the 21st A W S International 
Brazing and Soldering Conference are due August 15, 1989 —see oppos i te page 76-s in the February issue o f the 
We/ding Journal.) 
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