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ABSTRACT. Autogenous CTA welds 
have been made on the titanium alloy 
Ti-6AI-2Nb-1Ta-0.8Mo in an environmen
tal chamber containing a Varestraint test
ing fixture. The cracking susceptibility of 
Ti-6211 was investigated and compared 
with that of Ti-6AI-4V. No cracking was 
seen in the alloy Ti-64. However, sub-
solidus cracking was observed in both 
the fusion zone and the heat-affected 
zone of Ti-6211 welds made using a wide 
variety of process variables. This cracking 
was intergranular at prior-beta grain 
boundaries and oriented perpendicular 
to the axis of applied strain. The strain 
sensitivity of Ti-6211 was investigated, 
and it was determined that between 1% 
and 2% augmented strain was required to 
induce cracking. 

Thermal analysis was used to obtain 
the cracking temperature range for each 
weld. These critical temperatures were 
found to lie within the beta-to-alpha 
transformation. This was interpreted as 
indicating that the cracking is related to 
the solid-state phase transformation. Par
allel observations in both weld cracking 
Varestraint tests and hot ductility tests in 
Ti-6211 indicate that these are different 
manifestations of the same phenomena. 

Introduction 

The titanium alloy Ti-6AI-2Nb-1Ta-
O.8M0, or Ti-6211, is considered promis
ing as a structural material for marine 
applications, due to its excellent stress 
corrosion cracking resistance, high specif-
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ic strength, and good fracture toughness. 
Fabrication of this alloy typically involves 
elevated temperature processing tech
niques, including welding, forging, and 
hot rolling. A particularly critical require
ment for the use of this material in 
structural applications is good weldability. 
Although solidification and liquation 
cracking have been observed in titanium 
alloys, these alloys generally are consid
ered to have excellent weldability, with 
little susceptibility to this type of cracking 
(Refs. 1-3). The relatively low partitioning 
ratios for the alloying elements in Ti-6211 
should make this alloy similarly resistant 
to these cracking problems (Refs. 4, 5). 

Although not susceptible to liquation 
cracking, previous studies (Refs. 6-9) 
have indicated that Ti-6211 is susceptible 
to a severe loss in ductility at elevated 
temperatures. This ductility loss occurs on 
cooling in thermal cycles characteristic of 
fusion welding. Also, during high-temper
ature fabrication operations, Ti-6211 has 
been shown to be susceptible to inter
granular cracking at the beta grain 
boundaries (Ref. 9). Transgranular and 
intergranular cracking have also been 
observed in the fusion zone of highly 
constrained multiple-pass welds (Ref. 8). 
The conditions common to all of these 
processes are thermal cycling to a tem
perature above the beta transus, fol
lowed by the application of a tensile 
strain, upon cooling, at a temperature 
near the beta-to-alpha transformation 
temperature. 

Lewis and Caplan (Ref. 6) tested Ti-
6211 and several titanium alloys for sus
ceptibility to hot ductility losses. In this 
study, a programmable thermomechani
cal testing device (Gleeble) was 
employed to investigate the hot ductility 
of commercial purity titanium Ti-6AI, Ti-
3Al-2.5Sn, Ti-6AI-4V, and Ti-6211. Sam
ples were subjected to a thermal cycle 
typical of a near-HAZ position in a GTA 

weld, and tensile tested at several tem
peratures on cooling. The unalloyed tita
nium and Ti-3Al-2.5Sn showed little or no 
loss of high-temperature ductility. Ti-6Al 
and Ti-6AI-4V did, however, exhibit a 
moderate hot ductility loss, though not as 
severe as Ti-6211 (Ref. 6). In an earlier 
study by Savage and Lundin (Ref. 2), two 
titanium alloys, Ti-6AI-4V and Ti-3AI-14V-
11Cr, were tested for hot cracking using 
the Varestraint test. Liquation cracking 
was observed in Ti-3AI-14V-11Cr, but no 
sub-solidus cracking was reported in 
either alloy. Earlier work by the authors 
showed that three near-alpha titanium 
alloys, Ti-6AI-2V-2Zr, Ti-6AI-2V-4Zr, and 
Ti-6AI-2V-6Zr, were highly resistant to 
elevated temperature weldment cracking 
(Ref. 7). 

Several investigators have studied the 
metallurgical factors associated with the 
hot ductility losses observed in Ti-6211 
(Refs. 6-10). Macroscopically, the failures 
were observed to occur intergranularly 
along prior-beta grain boundaries and 
with very little ductility. However, scan
ning electron microscopy revealed duc
tile dimpling on the grain surfaces, indicat
ing that failures occurred by microvoid 
nucleation and coalescence (Refs. 7, 9). 
Examination of the fracture surfaces did 
not reveal second-phase precipitates. 
Microprobe and Auger electron analysis 
of both the fracture surfaces and prior-
beta grain boundaries also failed to reveal 
any significant elemental concentration. 
These results differ from those made in 
related investigations. Lewis (Ref. 6) 
found a sulfur concentration of over 
three-hundred times the bulk concentra
tion on the fracture surface of Ti-6211 
specimens which were thermally cycled 
and fractured at room temperature and 
77 K. Also, in a weldability study of 
Ti-6211, David found that weldments 
made with filler metal wire containing 
boron had low room temperature impact 
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Table 1—Chemical Composition of Ti-6211 Base Material (wt-%) 

Al 

6.0 

Nb 

1.9 

Ta 

0.90 

Mo 

0.81 

Fe 

0.09 

C 

0.02 

N 

0.009 

O H<a> 

0.071 52 

<8)Parts per million. 

toughness (Ref. 10). In this study, micro-
analysis revealed boron-rich precipitates 
along grain boundaries. It was not deter
mined whether the reduced impact 
toughness occurred as a result of the 
grain boundary precipitates. 

The alloy Ti-6AI-4V, the most com
monly used of the structural titanium 
alloys, has also been investigated with 
respect to the ductility losses (Refs. 6-8). 
Though this alloy did undergo a moder
ate loss of hot ductility as previously 
mentioned, TH3AI-4V is generally consid
ered to have excellent weldability and to 
be free from weld cracking problems. 
Ti-6AI-4V will be used as a reference in 
this study. 

Objectives 

The objectives of the present study 
were as follows: 

1. To investigate the presence of high-
temperature ductility losses in Ti-6211 
weldments. 

2. To evaluate the influence of weld
ing process variables on the cracking 
susceptibility of Ti-6211. 

3. To metallurgically characterize the 
cracking in Ti-6211 weldments. 

4. To isolate and identify the mecha
nism responsible for weld cracking in 
Ti-6211. 

5. To investigate the effects of the 
interstitial elements oxygen and nitrogen 
on the Varestraint cracking susceptibility 
of Ti-6211. 

Experimental Procedure 

The Ti-6211 used in this study was 
0.5-in. (12.7-mm) thick, beta-processed 
(cross-rolled in the beta phase field) plate. 
The chemical composition of the material 
is given in Table 1. 

Varestraint-Equipped Welding Chambers 

Stainless steel, protective atmosphere 
glove boxes were equipped with the 
necessary apparatus for the combined 
welding and Varestraint testing programs. 
The GTA welding was carried out with a 
water-cooled torch, using direct current, 
electrode negative connections. All GTA 
welds made in this investigation were 
autogenous bead-on-plate welds. Both 
current and travel speed were varied to 
give nominal GTAW heat inputs ranging 
from 10 to 60 kj/ in. (0.4 to 2.4 MJ/m). 
The GMA welds were made using a 

variable slope power supply and elec
trode negative connections. A remotely 
controlled programmable wire feed sys
tem was employed, and either 0.030- or 
0.045-in. (0.76- or 1.14-mm) diameter 
wire. The GMA weld variables were 
chosen to produce constant deposition 
rates of 0.030 and 0.040 in.Vin. (19.4 and 
25.8 mm3 /mm) and a constant heat input 
of 22 kj/ in. (0.8 M)/m). The argon atmo
spheres in both chambers were periodi
cally monitored by gas chromatography. 
Sample color was used as an additional 
check for atmospheric contamination 
(Ref. 1). Prior to testing, the titanium 
specimens and the steel backing bars 
were degreased with acetone. 

The simplified sketch of the Varestraint 
system (Fig. 1) shows the fundamental 
operation of this test (Ref. 11). The spec
imen is supported as a cantilever beam 
and deformed by a hydraulically actuated 
clevis, as the weld is being made. The 
Varestraint system is actuated when the 
welding torch reaches the tangent point 
of the strain mandrel. The sample is 
deformed to the shape of the strain 
mandrel, putting the desired augmented 
strain in the top surface of the weldment. 
The welding torch is allowed to continue 
to the end of its travel, approximately 1.5 
in. (40 mm) beyond the tangent point, 
before being extinguished. After the arc 
is extinguished, the load is sustained for 
approximately one minute. Interchange
able strain mandrels are used to give 
augmented strains of '/2%, 1%, 2%, and 
4% longitudinal tensile strain. 

Specimen Examination 

Metallographic specimens were pre
pared using standard techniques. The 
etchant used was a 21/2% HF, 5% HNO3, 
aqueous solution applied for approxi
mately 5-10 s. 

The fracture surfaces of the Varestraint 
tested weldments were examined using 
scanning electron microscopy. The weld 
cracks were opened by cutting through 
the weldment to the crack tips with a 
diamond watering saw and then pulling 
the section apart. The fracture surfaces 
were ultrasonically cleaned in acetone, 
and no surface preparation was used. 

A 15X-60X stereomicroscope was 
used to identify and quantify the extent 
of cracking in the Varestraint samples. 
Oblique, high-intensity lighting was used 
to help identify the less conspicuous 
cracks. The length of each crack and the 
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Fig. 1 —Schematic diagram of Varestraint test 
apparatus and operation 

distance from the crack to molten weld 
pool position at the instant of straining 
were measured. The molten weld pool 
position at the instant of straining was 
indicated by a slight disturbance of the 
weld bead. 

Thermal Analysis 

The thermal analysis technique used in 
this investigation was similar to one used 
previously by Savage and Lundin (Ref. 
13), and is shown schematically in Fig. 2. 
Calibrated tungsten-rhenium thermo
couples were used for the thermal analy
sis of Ti-6211 weldments. Welds were 
made on specimens of the same geome
try as the Varestraint specimens, and 
identical fixturing was used so as to accu
rately reproduce the cooling conditions 
present during Varestraint testing. During 
welding, the thermocouple was manually 
plunged into the molten weld pool imme
diately behind the arc and became per
manently fixed in the weld pool as the 
weld solidified. A strip-chart recorder 
was used to collect the output of the 
thermocouple, resulting in a record of the 
thermal profile of the weldment during 
cooling. These cooling curves were used 
in conjunction with the Varestraint test 
measurements to determine the temper
ature range of cracking. In the GTA 
weldments, the distance from the trailing 
edge of the weld pool during straining to 
the location of fusion zone cracking was 
taken from Fig. 10. The distance was 
converted to a time interval, using the 
torch travel speed for each weldment. 
The assumption was then made that the 
cracking occurred at the instant the Var
estraint strain was applied. This resulted 
in the calculated time interval being 
equivalent to the time for the weld metal 
to cool from the liquidus temperature, 
2800°F (1540°C), to the critical cracking 
temperature. A similar technique was 
used for the fusion line cracking in the 
GMA welds. In this case, the distance to 
the position of cracking was measured 
from the corresponding position of the 
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Fig. 2 — Thermocouple harpoon and thermal 
analysis technique 

molten pool at the time of strain applica
tion. 

Deliberate Interstitial Contamination 

The deliberate contamination of the 
weld metal with either oxygen or nitro
gen was accomplished through additions 
to the argon torch gas. Various argon-
contaminant mixtures were made and 
analyzed, using gas chromatography 
before welding. Following welding, the 
weld metal interstitial concentrations 
were measured. 

Results and Discussion 

GTAW Varestraint Testing 

Preliminary Varestraint testing was 
done on test specimens of both Ti-6211 
and Ti-6AI-4V using a moderate heat 
input, 33 kj/ in. (1.3 MJ/m), and the max
imum augmented strain possible, 4%. The 
alloy Ti-64 showed no tendency to crack 
at any point in either the weld metal or 
the heat-affected zone. However, crack
ing was observed in both the fusion zone 
and the heat-affected zone of the Ti-
6211 weldments. Macrographs of the 

top surface of one of these weldments 
(Fig. 3) illustrate this cracking. The direc
tion of arc travel in these macrographs 
is from right to left. The cracks follow the 
large prior-beta grain boundaries and 
range in length from 0.02 to 0.1 in. (0.5 to 
2.5 mm). All cracks are oriented perpen
dicular to the axis of the applied longitu
dinal strain, i.e., perpendicular to the 
weld bead axis. Orientation of these 
cracks differs from the orientation of 
typical weld hot cracks, where the cracks 
are parallel to the weld axis (Ref. 3). No 
cracking was found immediately adjacent 
to the weld pool during straining, further 
indication that the cracking was not a 
typical hot cracking problem occurring 
near the liquidus temperature, but is 
occurring in a much lower temperature 
regime. The location of the molten weld 
pool at the instant of straining can be 
seen at the left edge of Fig. 3A. The 
cracking occurred in this weldment at 
locations 0.6 to 0.8 in. (15 to 20 mm) from 
the position of the weld pool during 
strain application. 

Fractography 

Several of the Ti-6211 Varestraint 
weldments were sectioned and the 
cracks opened up to reveal the fracture 
surfaces for scanning electron microsco
py. Figure 4 shows the fracture surface 
morphology of a fusion zone crack. The 
crack is oriented with the weld bead top 
surface at the top of the photo. The weld 
bead top surface can be seen in the low 
magnification photo. At this magnifica
tion, the large, columnar, prior-beta 
grains can also be seen, traversing the 
fusion zone. Inspection of this fracture 
surface shows it to be entirely intergran
ular along the prior-beta grain bound
aries. At higher magnification, Fig. 4C, the 
surface is seen to be covered by ductile 
dimples, indicative of a ductile failure by 
microvoid nucleation and coalescence 
along the prior-beta grain boundaries. 
These characteristics suggest that a fine-
alpha phase film, or other continuous 
second-phase film along the beta grain 
boundaries, may be responsible for this 
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Fig. 3 — Macrographs of Varestraint tested 
weldments showing intergranular cracking at 
the fusion line. The position of the molten 
weld pool at the instant of straining can be 
seen at the left edge of A 

behavior. Evidence gathered by Lewis 
and other investigators support this possi
bility (Refs. 6, 7, 9). No evidence of grain 
boundary liquation can be seen in Fig. 4, 
further support for the presumption that 
this is a sub-solidus type of cracking. 

Figure 5 is a similar series of SEM 
fractographs of a heat-affected zone 
crack. The specimen is oriented as in Fig. 
4, with the weldment surface at the top 
of the photo. Although the prior-beta 
grains are equiaxed rather than columnar, 
the fracture morphology is nearly identi
cal to that observed in the fusion zone. 
Again, the fracture is entirely intergranu
lar and there is extensive ductile dimpling 
on the fracture surfaces. No evidence of 
second-phase particles or inclusions was 
found in either case. 

Figure 6 is a set of optical micrographs 
of the FZ and HAZ in a Varestraint tested 
Ti-6211 weldment. These micrographs, 
taken at locations immediately adjacent 
to the cracks, show microstructures typi
cal of an alpha-beta titanium alloy weld-
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Fig. 4 — Fractographs of an intergranular fusion zone crack showing that the failure occurs by ductile rupture of a grain boundary alpha film 
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fig. 5 — Fractographs of a heat-affected zone crack. Note again that the failure, while macroscoplcally brittle, occurs by ductile rupture 

ment (Ref. 12). The prior-beta grain 
boundaries are obvious, and the cracking 
follows these grain boundaries. The 
microstructure within the prior-beta 
grains consists of Widmanstatten alpha 
plus beta, and large, lenticular patches 
recently identified as either massive alpha 
or alpha-prime martensite (Ref. 14). A 
narrow grain boundary alpha film was 
found in most cases. An example of a 
grain boundary alpha film can be seen in 
Fig. 6A. 

Figure 7 is a set of optical micrographs 
of the alloy Ti-64, Varestraint tested 

under the same conditions as the Ti-6211. 
Since the Varestraint test specimens of 
this alloy produced no cracking, these 
microstructures were taken at locations 
along the weldment where cracking was 
found in Ti-6211. The HAZ and FZ micro-
structures are both characterized by fine 
acicular alpha-prime martensite. The 
large, lenticular features seen in the Ti-
6211 welds were not observed in Ti-64. 
A continuous grain boundary alpha film 
can be seen in these microstructures. This 
film is considerably thicker than that 
occurring in Ti-6211. 

Characterization of Cracking 

The Varestraint weld cracking was first 
characterized with respect to augmented 
strain level, using mandrels which pro
vided 1%, 2%, and 4% augmented strain. 
Weldments were made at two heat 
inputs, 30 kj/ in. and 50 kj/ in. (1.2 MJ/m 
and 2.0 M)/m), and tested at each level 
of augmented strain. The total crack 
length in each weldment was measured. 
These results are summarized in Fig. 8. 
While the amount of cracking was always 
less in the lower heat input weldment, 
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Fig. 6 — Opticial micrographs of cracked regions in the fusion zone and 
heat-affected zone 

Fig. 7—Optical micrographs of fusion zone and heat-affected zone 
locations in a Varestraint tested Ti-64 autogenous single-pass GTA 
weldment. Note that this structure is much finer than that of 77-6211, 
and does not contain the coarse, lenticular patches seen in Ti-6211 
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both heat inputs produced cracking at 
the 2% and the 4% strain levels. No 
cracking was observed in either heat 
input weldment at the 1% strain level. 
This implies that, in this test, a critical 
strain limit exists for Ti-6211 weldments 
between 1% and 2% augmented strain. 
Although the nature of the Varestraint 
test prevents a quantitative limit from 
being established, it is significant that a 
critical amount of strain is necessary for 
the cracking to occur. 

The effect of GTA weld heat input on 
the cracking susceptibility of Ti-6211 was 
then investigated. Weldments were 
made using a range of heat inputs from 
10 to 60 kj/ in. (0.4 to 2.4 MJ/m) and 
Varestraint tested at 4% augmented 
strain. The total lengths of both heat-
affected zone and fusion zone cracks 
were measured at each heat input tested. 
These results are shown in Fig. 9. The first 
significant result was that all heat inputs 
used produced cracking, and that the 
extent of cracking increased with increas
ing heat input. The total amount of fusion 
zone cracking increased linearly with heat 
input, but the amount of heat-affected 
zone cracking remained approximately 
constant. This was explained by the 
observation that the fusion zone size 
increased with an increase in heat input, 
but the heat-affected zone size remained 
relatively constant. 

A significant change was also noted in 
the position of the cracking as the heat 
input was varied. The distances from the 
weld pool position during straining to the 
cracks were measured as described in the 
experimental procedure. This was done 
separately for fusion zone cracks and 
heat-affected zone cracks. When more 
than one crack was found in either loca
tion, an average distance was reported. 
These measurements were taken for the 
entire range of heat inputs tested, and 
the results are given in Fig. 10. The 
heat-affected zone cracking was consis
tently located closer to the weld pool 
than the fusion zone cracking, as shown 
by the relative positions of the two 
curves. The measured distance increased 
linearly with increasing heat input for 
both the heat-affected zone and fusion 
zone cracking. These results show that 
the cracking phenomenon in Ti-6211 was 
related to the thermal experience of 
these weldments. The concentration of 
the cracking in a specific location suggests 
that the Varestraint cracking occurred 
over a narrow temperature range. 

Further evidence that the cracking 
occurs over a narrow temperature range 
is given in Fig. 11. In this figure, the fusion 
zone and heat-affected zone cracks ema
nate from a teardrop-shaped halo. In a 
GTA welding process, this type of halo is 
believed to represent a 1500°F (815°C) 
isotherm (Ref. 15). On cooling, the beta-
to-alpha transformation in Ti-6211 occurs 
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at approximately 1600°F (870°C); conse
quently, the halo was interpreted as 
marking the position of the transforma
tion zone at the instant of straining. The 
cracks near the halo imply that the crack
ing occurred within or near the transfor
mation temperature range. 

GMAW Varestraint Testing 

Varestraint testing was performed on 
single- and multiple-pass GMA welds 
after one and three passes. A constant 
20-kJ/in. (0.8-Mj/m) heat input was used. 
Augmented strains of less than 4% pro
duced no cracking in Ti-6211, and no 
cracking was observed in Ti-6AI-4V con

trol weldments, even at the 4% strain 
level. Cracking was observed in Ti-6211 
at 4% augmented strain, after both one 
and three passes. In all cases, the cracking 
occurred at the fusion line of the last 
pass, but not at the crest of the last bead 
(where the augmented strain was great
est). Figure 12 shows the microstructures 
observed at the fusion line and bead 
crest of the last pass in a three pass GMA 
weld. The fusion line exhibited the 
coarse, lenticular microstructure previ
ously shown to be susceptible to inter
granular failure. In contrast, the bead 
crest exhibited a significantly more 
refined microstructure, reflecting the 
increased cooling rate experienced by 
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the crest. Both microstructures contain 
grain boundary alpha films. 

Thermal Analysis 

The temperature ranges of the Vare
straint cracking were determined. These 
calculations utilized the thermal histories 
of the weldments and the positions of the 
Varestraint cracking as discussed earlier 
and shown in Fig. 2. The two cooling 
curves presented in Fig. 13 were 
obtained from GTA welds with heat 
inputs of 40 and 60 k)/in. (1.6 and 2.4 

M)/m). When the calculated time inter
vals were superimposed onto the cooling 
curves, the temperature of cracking was 
determined for each weldment. The criti
cal temperatures for the two welds were 
found to be 1365° and 1500°F (740° and 
815°C), respectively. Also included in Fig. 
13 are the reported liquidus temperature, 
2800°F (1540°C), and the observed beta-
to-alpha start temperature, approximate
ly 1600°F (870°C). 

When this analysis was repeated for 
five different weldments of varying heat 
inputs, the resultant cracking tempera-
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Fig. 12 — Optical micrographs of the fusion line and bead crest of the last pass of a three-pass GMA 
weldment in Ti-6211. Note that the microstructure at the bead crest is much finer than that seen at 
the fusion line 

Fig. 11—Macrograph of a Varestraint tested 
weldment showing the cracking near a halo 
believed to mark the position of the beta-
to-alpha transformation front at the instant of 
strain application 

tures ranged from 1350° to 1550°F (725° 
to 850°C). The cooling curves for all of 
these weldments were plotted on the 
Ti-6211 continuous cooling diagrams of 
Gordine (Ref. 16) and Damkroger (Ref. 7), 
shown in Fig. 14. Both the critical cracking 
temperature and the recalescence tem
perature are shown for each cooling 
curve. Three important observations can 
be made with respect to this figure. First, 
the beta-to-alpha start temperatures seen 
in this investigation are consistent with 
the temperatures reported by Gordine 
and Damkroger (Refs. 7, 16). Second, the 
cracking temperature decreases with 
higher cooling rates. The third observa
tion is that the cracking temperatures are 
associated with the beta-to-alpha trans
formation and appear to fall within the 
transformation. This is consistent with the 
observation of cracking near the transfor
mation halo, shown in Fig. 10. It is 
believed that this preliminary evidence 
suggests that the cracking phenomenon 
is related to the solid-state transforma
tion. 

Interstitial Contamination 
of GTA Weldments 

The effect of atmospheric surface con
tamination on the Varestraint cracking 
susceptibility of Ti-6211 GTA weldments 
was studied. The two contaminants 
investigated were oxygen and nitrogen. 
Welds were made with shielding gas 
compositions consisting of 0.5 to 5.0% 
oxygen or nitrogen in argon. Figure 15 
shows these shielding gas compositions 
and the corresponding fusion zone inter
stitial contamination levels. The interstitial 
content of the weld metal was found to 
be proportional to and approximately an 
order of magnitude less than the shielding 
gas composition. These results agree with 
those of Borland (Ref. 17). Other investi
gators found similar results for up to 2% 
nitrogen in argon, but found that nitrogen 
absorption in the weld metal for shielding 
gas compositions higher than 2% were 
less than those reported here (Refs. 18, 
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19). At the higher concentrations, it was 
believed that the formation of a nitrogen-
rich surface layer impeded further 
absorption (Ref. 19). 

Hardness values were obtained for the 
fusion zones, heat-affected zones, and 
base metal of all weldments in this study. 
The results are shown in Fig. 16. The 
hardness of Ti-6211 was found to be 
strongly dependent on oxygen or nitro
gen content, with nitrogen having a 
slightly stronger hardening effect. This 
dependence is very similar to that noted 
in earlier work (Refs. 20, 21). Hardness 
readings taken in the heat-affected zone 
deviated very little from the base metal 
hardness, regardless of the level of fusion 
zone contamination. This indicates that 
the absorption of nitrogen and oxygen 
into the heat-affected zone is not signifi
cant. 

The weldments were then subjected 
to Varestraint testing, using 4% augment
ed strain and a heat input of 40 kj/ in. (1.6 
MJ/m). Although interstitial contamina
tion has been found to induce hot crack
ing in other systems, no hot cracking was 
found (Ref. 22). However, in addition to 
the intergranular cracking observed in 
uncontaminated welds, shallow trans
granular cracking was observed at the 
highest levels of both oxygen and nitro
gen contamination. Figure 17 contrasts 
these transgranular cracks with the inter
granular cracking described earlier. The 
transgranular cracking appeared to be 
contained within the brittle, contami
nated surface layer, and occurred on too 
fine a scale to be quantified. The trans
granular cracking was not believed to be 
associated with the intergranular crack
ing. 

Figure 18 shows the results of Vare
straint testing the nitrogen-contaminated 
weldments. Transgranular cracking was 
first observed at 0.175% N (0.50% N2 in 
the shielding gas) and increased with the 
level of nitrogen contamination. The 
degree of intergranular fusion zone 
cracking increased as contamination 
increased up to 0.048% N (0.50% N2 in 
the shielding gas), but then dropped to 
zero at higher nitrogen levels. The inter
granular cracking in the heat-affected 
zone was not affected by nitrogen in the 
weld metal. 

The results of Varestraint testing for 
the oxygen-contaminated welds are pre
sented in Fig. 19. Transgranular cracking 
was first observed at 0.224% O (1% 0 2 in 
the shielding gas) and increased with 
increasing contamination. Again, the 
transgranular cracking could not be quan
tified. The intergranular cracking in the 
fusion zone increased with contamination 
up to 0.224% O and dropped to zero at 
higher contamination levels, as in the 
nitrogen-contaminated welds. However, 
in these welds, heat-affected zone crack
ing increased significantly up to 0.224% 
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O, and then decreased to the level found 
in the uncontaminated weldments. 

The increase in intergranular cracking 
with increasing oxygen or nitrogen con
tamination up to approximately 0.2% O 
or N in the weld metal is inconsistent with 
the differential strength model proposed 
by Starke, et al, for the loss of elevated 
temperature ductility seen in some titani
um alloys (Ref. 9). In this model, slip is 
believed to be concentrated in a weak, 
ductile, alpha film suspended between 
stronger beta grains. The slip is then 
believed to be blocked by a non-oriented 

alpha/beta interface, resulting in micro-
void nucleation at this interface. Oxygen 
and nitrogen both partition to and 
strengthen the alpha phase during the 
transformation on cooling. Thus, this 
model predicts reduced cracking suscep
tibility with increasing oxygen or nitrogen 
contamination, the opposite of what was 
observed. 

Intergranular cracking was seen to 
decrease at weld metal contamination 
levels above 0.2%. However, significant 
microstructural changes were observed 
at these contamination levels. These 
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changes are bel ieved t o be responsible 
fo r the reduct ion of intergranular crack
ing. The change in the beta grain mor 
pho logy w i th oxygen or n i t rogen addi 
tions can be seen in Fig. 20. This f igure 
shows macrographs o f the t o p surfaces 
o f contaminated and uncontaminated 
welds. In the uncontaminated w e l d , the 
beta grains appear equiaxed in the plane 
o f the macrograph, and have many grain 
boundaries or iented perpendicular t o the 
axis of the augmented strain. In the n i t ro
gen-contaminated w e l d , the grains are 
na r row and e longated parallel to the 
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Fig. 17 — Macrographs of a nitrogen-contami
nated weld contrasting — A— the intergranular 
cracking seen earlier, with — B — contamina
tion-induced transgranular cracking 

w e l d axis. In this w e l d , the major i ty o f the 
grain boundar ies are parallel to the axis of 
straining. The deve lopment o f the e lon
gated grain morpho logy paralleled the 
decrease in intergranular cracking seen in 
the n i t rogen-contaminated we ldments . A 
similar change in grain mo rpho logy was 
seen in the oxygen-contaminated welds. 
This observat ion is consistent w i t h the 
results of Starke, et al. (Ref. 9). In that 
study, a material w i t h an equiaxed pr ior-
beta grain structure was f o u n d t o have 
l o w ducti l i ty w h e n tensile tested at 
1475°F (800°C). 

Another significant microstructural 
change observed in these contaminated 
welds is s h o w n in Figs. 21 and 22, micro
graphs o f b o t h contaminated and u n c o n 
taminated w e l d beads. It can be seen that 
the large lenticular patches characteristic 
o f contaminant- f ree Ti-6211 we ld metal 
are not present in the contaminated 
material, having been replaced by a finer, 
acicular t ransformat ion p roduc t . This is 
consistent w i t h the observat ion that inter
granular cracking susceptibil ity is reduced 
w h e n f ine acicular t ransformat ion p r o d 
ucts are present, or by a sufficiently rapid 
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Fig. 18 — Intergranular fusion zone and heat-
affected crack length as a function of weld 
metal nitrogen content 

cool ing rate. High levels o f oxygen o r 
n i t rogen may prevent intergranular 
cracking susceptibil ity by altering the 
beta-to-alpha t ransformat ion kinetics. 
These elements may enhance alpha 
nucleat ion or s low the dif fusion of the 
substitutional alloy elements. The same 
result w o u l d be obta ined w i th an 
increased cool ing rate, wh ich causes the 
t ransformat ion to occur at a lower t e m 
perature and a higher level of undercoo l 
ing. Either wil l p r o m o t e the fo rmat ion o f a 
f ine, acicular microstructure, s h o w n to be 
less susceptible t o Varestraint we ld crack
ing. 

Three models have been p roposed to 
explain the h igh- temperature ducti l i ty 
losses w h i c h occur in certain t i tanium 
alloys. As discussed earlier, the observa
tions made dur ing this investigation are 
not entirely consistent w i t h the d i f fe ren
tial strength p roposed by Starke, et al. 
(Ref. 9). A second mode l has been p ro 
posed by Lewis and Caplan (Ref. 6). This 
mode l maintains that the intergranular 
failure observed occurs as a result o f 
impur i ty segregation to the alpha-beta 
interface dur ing the beta-to-alpha trans-
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Fig. 19 — Intergranular fusion zone and heat-
affected crack length as a function of weld 
metal oxygen content 
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formation. The impurity-coated interface 
then acts as a barrier to the transmission 
of slip, leading to dislocation pile-ups, 
stress concentration, and the nucleation 
of microvoids. This investigation pro
duced no evidence either in support of, 
or contrary to, this model. 

A third model has recently been pro
posed by Rath, ef al. (Ref. 23). In this 
model, the stress developed due to lat
tice incompatibility during the beta-to-
alpha transformation is believed to be 
related to the ductility loss. Because the 
initial transformation takes place at the 
prior-beta grain boundaries, these re
gions are placed in tension. The extent of 
this tensile stress is related to both the ex
tent of lattice incompatibility and the ex
tent of grain boundary transformation 
prior to transformation of the bulk beta 
grain. Therefore, this model correctly pre
dicts that the minimum ductility tempera
tures in Varestraint testing would be asso
ciated with the beta-to-alpha transforma
tion. Additionally, enhancement of intra
granular nucleation would be expected to 
reduce the transformation stress and 
reduce the ductility loss susceptibility. This 
agrees with the observation made in this 
study that materials and conditions which 
result in a finer microstructure show a 
reduced cracking susceptibility. 
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Fig. 20-Fusion zone macrographs showing the change in prior beta grain shape caused by 
nitrogen contamination 

The weld cracking susceptibility of Ti-
6211, as determined by the Varestraint 
test, was metallurgically characterized in 
this investigation. The results suggest that 
the Varestraint weld cracking observed in 
this investigation and the high-tempera
ture ductility losses studied in earlier work 
(Refs. 6, 7, 9) are different manifestations 
of the same phenomenon. The observa
tions made in this investigation have been 
evaluated with respect to two existing 
models for the high-temperature ductility 
losses. Although both the differential 

strength model (Ref. 9) and the lattice 
incompatibility model (Ref. 23) explain 
many of the observations made, the 
differential strength model is contradicted 
by the results of the interstitial contamina
tion testing. 

Conclusions 

1. Susceptibility to weld cracking, as 
determined by the Varestraint test, is a 
function of alloy content. Ti-6AI-2Nb-
1Ta-0.8Mo is more susceptible to weld 
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Fig. 21 — Optical micrographs showing the microstructural refinement, 
and elimination of the large lenticular patches, caused by nitrogen 
contamination. A — uncontaminated; B — 0.18% nitrogen; C — 0.67% 
nitrogen 

Fig. 22 — Optical micrographs showing the microstructural changes and 
refinement which are induced by oxygen contamination. A — uncon
taminated; B — 0.27% oxygen; C—0.45% oxygen 
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cracking than Ti-6AI-4V and other t i tani
u m alloys. 

2. Parallel observat ions b e t w e e n this 
w o r k and the w o r k o f o ther investigators 
suggest that the Varestraint we ldmen t 
cracking in Ti-6211 and the repor ted hot 
ducti l i ty dip in Ti-6211 are di f ferent man
ifestations of the same p h e n o m e n o n . 

3. The Varestraint w e l d cracking is 
associated w i th a critical tempera ture 
range wh ich is w i th in the beta-to-alpha 
t ransformat ion. Alterat ions o f the beta-
to-alpha t ransformat ion kinetics, w h i c h 
result in a ref ined microstructure, reduce 
the w e l d cracking susceptibil ity. These 
observat ions suggest that the mechanism 
of cracking is t ied to the t ransformat ion. 

4. The cracking susceptibil ity o f Ti-
6211 is enhanced by oxygen and ni t ro
gen addit ions to the w e l d metal . This 
contradicts the existing "di f ferent ia l 
s t reng th" mode l , wh i ch maintains that 
strain concentrat ion in the alpha phase is 
responsible for this cracking. 
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Bolted Flanged Connections with Full Face Gaskets 
By A. E. Blach, A. Bazergui and R. Baldur 

A f l ange t y p e c o m m o n l y ca l l ed " f l a t - f a c e " f l ange has b e e n used in c e r t a i n c lasses of b o l t e d f l a n g e d 
c o n n e c t i o n s f o r m a n y y e a r s , y e t no c o d e ru les ex is t t o c o v e r t h i s c lass o f f l a n g e d c o n n e c t i o n s . Th is p a p e r 
ana l yzes t h e b e h a v i o r of g a s k e t s and f l anges in s u c h a c o n n e c t i o n a n d g ives des ign f o r m u l a s w h i c h f o l l o w 
t h e p h i l o s o p h y o f t h e p r e s e n t c o d e ru les f o r b o l t e d f l a n g e d c o n n e c t i o n s . A n u m e r i c a l e x a m p l e is i n c l u d e d 
w h i c h s h o w s t h e a p p l i c a t i o n o f t h e des ign f o r m u l a s a n d c o m p a r e s r esu l t s o b t a i n e d w i t h va lues f r o m 
s t r a i n gage m e a s u r e m e n t s o n a p r e s s u r e vesse l of t h e s a m e s ize. 

P u b l i c a t i o n o f t h i s r e p o r t w a s s p o n s o r e d b y t h e S u b c o m m i t t e e on B o l t e d F langed C o n n e c t i o n s of t h e 
P r e s s u r e Vesse l R e s e a r c h C o m m i t t e e of t h e W e l d i n g R e s e a r c h C o u n c i l . T h e p r i ce o f WRC Bu l l e t i n 3 1 4 is 
$ 1 2 . 0 0 per c o p y , p lus $ 5 . 0 0 f o r p o s t a g e a n d h a n d l i n g . O r d e r s s h o u l d be s e n t w i t h p a y m e n t t o t h e 
W e l d i n g R e s e a r c h C o u n c i l , S t e . 1 3 0 1 , 3 4 5 E. 4 7 t h St . , N e w Y o r k , NY 1 0 0 1 7 . 
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