
Weldability and Microstructure of a 
Titanium Aluminide 

Cooling rate has a profound effect on the microstructure 
and properties of titanium aluminide welds 

BY S. A. DAVID, J. A. HORTON, G. M. GOODWIN, D. H. PHILLIPS AND R. W. REED 

ABSTRACT. Full-penetration gas tungsten 
arc (CTA) and electron beam (EB) welds 
were made on a modified titanium alu
minide (Ti-14 wt-% AI-21 wt-% Nb). Weld
ing speeds ranged from 2.1 to 42 mm/s (5 
to 100 in./min). 

The alloy showed no evidence of hot 
cracking and had a measured Sigmajig 
threshold stress of greater than 240 MPa 
(35 ksi). This value is within the range of 
69-345 MPa (10-50 ksi) for crack-resistant 
austenitic stainless steels and some of the 
crack-resistant nickel aluminides. Electron 
beam weld microstructural features were 
found to be a strong function of welding 
speed and energy input, and thus the 
cooling rate. The fusion zone (FZ) micro-
structure of EB welds contained predom
inantly fine, acicular ordered «2 phase at 
low welding speeds, and predominantly 
retained fi (metastable) at high welding 
speeds. In the heat-affected zone (HAZ) 
there was a gradual variation in micro-
structure from ordered, acicular «2 near 
the fusion line to otj + fi in the far HAZ. 
Microhardness profiles across the weld
ment indicated the hardness in the HAZ 
and FZ to be much higher than the base 
metal (BM) in all welds. The hardness pro
files across the HAZ and FZ were more 
uniform in welds made at low welding 
speeds than at high welding speeds. The 
hardness profile across the welds made at 
higher welding speeds showed a decrease 
in the weld centerline hardness relative to 
those made at lower welding speeds. This 
may be attributed to retention of meta
stable fi phase. 

Finally, Cleeble hot-ductility testing re
vealed the presence of a ductility dip dur
ing the heating portion of the weld ther
mal cycle. However, no ductility dip was 
observed during cooling. 

Introduction 

In recent years, considerable interest 
has developed in the ordered intermetal
lic compounds because of unique prop
erties that make them potential candi
dates for high-temperature structural ap

plications. Weldability is a key issue in the 
development of these alloys because join
ing by conventional welding processes is 
an important means of fabricating engi
neering alloys into structural components. 
Earlier welding studies have concentrated 
on ordered alloys that have Ll2-type cu
bic stacking character (Refs. 1-5). These 
alloys include boron-doped Ni3AI, (Fe, 
CohV and (Fe, Ni)3 V types. Such ordered 
alloys are ductile with tensile elongations 
exceeding 35%. 

Another alloy that has been gaining 
considerable attention is the «2 titanium 
aluminide that is being developed as a 
structural material for aerospace applica
tions (Refs. 6-8). The intermetallic com
pound TJ3AI, also referred to as ctj, has an 
ordered DO-ig-type lattice structure. Al
though this ordered intermetallic alloy is 
lighter and stiffer than conventional tita
nium alloys, its major shortcoming is lim
ited ductility at room temperature. Earlier 
investigation has shown that ternary and 
quaternary additions of fi (bcc) stabilizing 
elements such as Nb, V, Mo and W can 
significantly increase the ductility of this 
alloy primarily through reduction in slip 
lengths and ordering kinetics. Further
more, recent studies have also developed 
a new family of Ti alloys based roughly on 
the composition TJ3AI with ternary addi
tions of Nb (Refs. 9, 10). In these alloys, it 
is possible through rapid cooling to sup
press fi decomposition to ct.2, and instead 
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promote the formation of an ordered, 
metastable bcc fi superlattice structure 
(CsCI), also referred to as B2, over a wide 
range of alloy compositions. An alloy of 
practical significance is Ti-14 wt-% AI-21 
wt-% Nb (Ti-14-21). 

An area of interest that lacks informa
tion is the weldability of this alloy. Limited 
weldability studies have shown that mod
erate cooling rates associated with con
ventional arc welding processes promote 
the formation of a fine acicular «2 struc
ture with almost zero ductility. Several in
vestigations are under way to character
ize laser and gas tungsten arc welds (Refs. 
11, 12). This paper describes the weld
ability of Ti-14-21 using CTA and EB 
welding processes. Also, it identifies fac
tors controlling the weldability and micro-
structural features. 

Experimental Procedure 

Autogenous GTA and EB welds were 
made on 5 X 5 X 0.6 cm (2 X 2 X 0.25 
in.) coupons of Ti-13.5 wt-% AI-21.5 wt-% 
Nb (Ti-24 at.-% AI-11 at.-% Nb) alloy 
obtained from hot-rolled plate. Cas tung
sten arc welds were made at speeds 
ranging from 2.1 to 8.4 mm/s (5 to 20 in. / 
min) and EB welds were made at speeds 
ranging from 2.1 to 42 mm/s (5 to 100 
in./min). Welds were made at different 
welding speeds in order to vary the heat 
input and hence the cooling rate. Welding 
parameters used are listed in Table 1. The 
sensitivity to fusion zone hot-cracking of 
this alloy was established using the Sigma
jig weldability test described elsewhere 
(Ref. 13). The test ranks materials by 
quantitatively measuring a threshold stress 
above which cracking occurs. 

Differential thermal analysis (DTA) was 
carried out in helium in a Mettler ther-
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Table 1—Welding Parameters 

GTA Current Voltage Speed Heat lnput(a) 

Welds A V mm/s J/mm 

TA-4 
TA-5 
TA-6 

EB 
Welds 

TA-7 
TA-13 
TA-14 
TA-15 

200 
200 
200 

Current 
mA 

6.5 
10.0 
14.1 
19.0 

14 
14 
14 

Voltage 
kV 

150 
150 
150 
150 

2.1 
4.2 
8.4 

Speed 
mm/s 

2.1 
12.5 
25.0 
42.0 

1000 
500 
250 

Heat input'a) 

J/mm 

370 
96 
67 
54 

(a) Assumed efficiencies: CTAW 75% (Ref. 22); EBW. 80% (Ref. 
23). 

moanalyzer. A sample weighing approxi
mately 7 to 8 g was heated to about 50°C 
(90°F) above the presumed fi transus 
temperature of the sample and then 
cooled at a constant rate of 10°C/min 
(18°F/min). During cooling, a 12-channel 
compensated recorder traced DTA 
curves. 

Hot-ductility testing was performed in 
vacuum using a Gleeble 1500 thermome
chanical simulator. Since the availability of 
this alloy was limited, subsize specimens 
were used. The specimen geometry and 
the procedure for testing were as de
scribed by Santella, et al (Ref. 3). 

Sections of the welds were prepared 
for metallographic analysis by standard 
metallographic techniques. The specimens 
were etched with Kroll's reagent (1 to 3 
mL HF, 4 to 6 mL HNO3 and 100 mL H20). 
DPH microhardness traverses were made 
across the welds using a Shimadzu micro
hardness tester with a 500-g load. Speci
mens for transmission electron micros
copy (TEM) were prepared by spark dis
charge machining of 3-mm disks from the 
weldments at different locations, i.e.. 

heat-affected zone (HAZ), fusion zone 
(FZ) and base metal (BM), followed by 
electropolishing of the disks in an electro
lyte (600 parts methanol, 360 parts butyl 
cellusolve and 60 parts perchloric acid) at 
- 15°C and 40 V, and a current of 160 mA. 
Transmission electron microscopy exami
nations were conducted using a Philips 
EM430 microscope. 

Results and Discussion 

GTA and EB Welding 

Autogenous CTA and EB welds were 
produced in the Nb-modified T13AI alloy 
(Ti-14-21) without cracking. It was difficult 
to produce full-penetration welds using 
the CTA welding process. Top surface 
and transverse sections of the autogenous 
welds made on 6-mm (0.25-in.) thick plate 
are shown in Fig. 1. The welds made us
ing the GTA welding process tended to be 
wide and shallow —Figs. 1A and 1B. The 
weld pool shape and the shallow weld 
penetration suggest that the controlling 
mechanism for the development of the 
weld pool is convective heat transfer re
sulting from a radially outward flow of 
molten metal. An outward flow, from the 
center of the pool to the periphery, would 
transfer the heat to the lateral face of the 
weld bead more efficiently. This com
bined with the relatively low thermal dif
fusivity of the alloy would promote the 
shallow weld bead geometry. This was 
also consistent with other welds made at 
lower welding speeds, that resulted in 
weld beads of increased width with min
imal increase in penetration. The increased 
energy input (per unit area), due to the 
decreased travel speed, apparently was 
once again transported radially outward 
by the molten metal, thereby increasing 
the width of the weld bead considerably 
more than the depth of penetration. How-

Fig. 1 — Optical photomicrograph showing surface and transverse sections. A and B — GTA weld 
TA-4; C andD-EB weld TA-7. 

ever, it should be pointed out that suc
cessful full-penetration GTA welds were 
obtained using 0.7-mm (0.03-in.) thick 
specimens. In contrast to the limited pen
etration of GTA welds on thick sections (6 
mm), full-penetration welds were readily 
obtained using the EB welding process — 
Figs. 1C and 1D. 

Sigmajig Weldability Test 

Generally, the susceptibility to FZ solid
ification cracking and HAZ cracking may 
be established using any one of several 
conventional hot-cracking tests (Ref. 14). 
However, most of these tests are only 
applicable to thicknesses greater than 1.5 
mm (0.06 in.). Since the penetration ob
tained in thick sections of Ti-14-21 alloy 
during GTA welding is inadequate to 
evaluate the hot-cracking (solidification 
cracking) susceptibility of this alloy, a re
cently developed hot-cracking test (Sig
majig) that uses thin sheet material was 
used. The test evaluates the hot-cracking 
tendency of the alloy, often using the GTA 
welding process. 

In the Sigmajig test, an indicator that is 
used to determine the susceptibility to fu
sion zone cracking is the threshold stress, 
OQ, above which cracking first occurs dur
ing welding. Sigmajig tests were per
formed using the GTA welding process on 
0.7-mm-thick (0.03-in.) sheet using 65 A 
DCEN, 14.5 mm/s (35 in./min) travel, and 
0.9-mm (0.035-in.) arc length. Test results 
for the alloy are summarized in Fig. 2. The 
welds were resistant to hot-crack initiation 
at the highest stress investigated, 240 MPa 
(35 ksi), and thus have a threshold stress 
<T0, greater than 240 MPa (35 ksi). This 
lower bound value is within the material 
range of austenitic stainless steels 103-345 
MPa (15-50 ksi) and some of the crack-
resistant nickel aluminides (Ni3AI) as shown 
in Fig. 2. In this figure, the data for the 
stainless steels and the nickel aluminides 
represent the extreme values of threshold 
cracking stress measured on several heats 
of material. They reflect variations within 
the nominal composition due to minor el
ement effects, fabrication history, etc. 
Comparison of threshold cracking values 
among various classes of alloys is uncer
tain on a quantitative basis, particularly 
with only one heat of the material in 
question. Qualitatively, however, this re
sult indicates excellent resistance to hot-
cracking for the Nb-modified Ti3AI. In ad
dition, it should be mentioned that the al
loy showed no HAZ cracking. Heat-
affected zone cracking has been a severe 
problem in some of the other ductile alu
minides such as Ni3AI (Ref. 1). 

Although the alloy showed excellent 
resistance to solidification cracking, the 
test coupons showed a tendency to solid-
state cracking well below the solidification 
temperature in a very brittle fashion dur
ing cooling subsequent to the test. Scan-
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ning electron microscopy (SEM) examina
tion of the crack surface revealed pre
dominantly cleavage-type failure in the FZ, 
a mixed mode of cleavage and ductile 
failure in the HAZ, and ductile (typical of 
titanium alloys) failure in the base metal. 
An SEM micrograph of the fractured sur
face is shown in Fig. 3. The reason for this 
unusual cracking behavior during cooling 
of this alloy may be related to the solid-
state phase transformation that occurs in 
the FZ and the HAZ that experiences tem
peratures in excess of the fi transus. It is 
well established that at moderate cooling 
rates from elevated temperatures, the al
loy transforms from fi to brittle acicular <*2-
The observed brittle failure of the weld 
during cooling is also consistent with pre
vious research that has shown that Ti3AI 
exhibits a high ductile-brittle transition 
temperature (Ref. 8). In addition, since the 
Sigmajig test was performed in open 
atmosphere (albeit with adequate inert 
gas shielding during welding), the potential 
for oxygen contamination existed espe
cially in the fusion zone. In titanium alloys, 
oxygen contamination has been found to 
lower ductility (Refs. 15, 16). In the Nb-
modified Ti3AI, it has been found that 
oxygen levels greater than 1000 ppm dra
matically decrease room-temperature 
ductility (Ref. 17). These factors, com
bined with thermal and residual stresses, 
may be the cause for the observed solid-
state cracking. It should be noted that the 
above observed cracking phenomenon 
was unique to the Sigmajig test specimens 
only. Such solid-state cracking was not 
observed in any of the full-penetration 
electron beam welds, or thick- section 
partial-penetration GTA welds. 

Microstructure 

Since full-penetration welds were not 
obtained in thick sections (6 mm) using 
GTA welding process, detailed micro-
structural characterization of the GTA 
welds was not performed. The extensive 
microstructural characterization described 
in this section refers to only electron beam 
welds made on 6-mm-thick specimens. 

The microconstituents and microstruc
tural features of Ti-14-21 alloy weldments 
may be understood better with the aid of 
a pseudo-binary diagram of the Ti3AI-Nb 
system proposed by several investigators 
(Refs. 18, 19). Figure 4 shows the Ti3AI-Nb 
system with varying percentages of Nb. 
The composition of interest is Ti-14-21. 
From the phase diagram, it is evident that 
alloys containing less than 5 wt-% Nb 
when rapidly cooled from the bcc fi phase 
field, transform martensitically to the hep 
a' phase during rapid cooling (Refs. 10, 
20). However, in alloys richer in Nb the M5 

temperature is well-below room temper
ature, thus increasing the stability of fi to 
allow for the development of ctj/fi mi
crostructures. Depending on the process-

Ni3AI 

Ti3AI 

304 SS 

316 SS 
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l 
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50 

Fig.2-
Experimentally 
measured Sigmajig 

60 test cracking stress 
for various alloys. 

Fig. 3 —SEM photomicrograph showing fracture mode in various regions of the GTA weld that 
cracked during cooling in the Sigmajig test. 
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T IME 

Fig. 5 - A - Differential thermal analysis (DTA) trace of Ti-14-21 alloy; B — HAZ thermal cycle during GTA welding. 

24 30 36 

TIME (sec) 

42 48 54 60 

ing condi t ions, in particular the cool ing 
rate, it is possible t o retain either disor
de red fi o r o rde red metastable fi desig
nated as B2. Format ion of a u r t ype phase 
in the /3-phase matrix, subsequent t o or
der ing, may also occur (Ref. 10). 

A DTA trace at 1 0 ° C / m i n for T i -14-21 
shown in Fig. 5A reveals the decompos i 
t ion of h igh- temperature bcc phase (fi) to 
a low- tempera tu re hep phase at 1050°C 
(1922°F). This tempera ture corresponds 
to condit ions approaching equi l ibr ium 
cool ing. W h e t h e r this t ransformat ion oc
curs direct ly f r o m fi t o an o rde red hep (ai) 
or whe ther it first occurs t o f o r m a disor
dered hep (a) phase wh ich subsequently 
orders, was not de termined in this inves
t igat ion. H o w e v e r , this tempera tu re may 
vary depend ing on the cool ing rate. Figure 
5B shows a typical w e l d thermal cycle ex
per ienced by the alloy in the HAZ close to 
the fusion line dur ing GTA weld ing. Unlike 
the DTA curve s h o w n in Fig. 5A, the f ree-
cool ing por t ion of the thermal cycle shows 
a sharp break on the curve indicating the 

bec- to-hep phase t ransformat ion start 
t empera tu reo f830°C(1526°F ) .Theb reak 
o n the curve at 8 3 0 ° C was consistently 
reproducib le for the same weld ing cond i 
tions. This observed t ransformat ion t e m 
perature was much lower than the equi
l ibrium fi transus tempera tu re due to a 
higher cool ing rate encoun te red dur ing 
we ld thermal cycle. A n increase in cool ing 
rate has been f ound to decrease the 
t ransformat ion start temperature consid
erably in b o t h convent ional Ti alloys and 
«2 t i tanium aluminides (Ref. 12). 

Base Metal 

Figure 6 shows the microstructural fea
tures o f the a/fi base metal . The mic ro -
structure consists predominant ly of or
dered ctj w i t h small islands of Nb-r ich fi 
phase at a2 grain boundaries. Figure 7 
shows a TEM micrograph of the base 
metal showing a directionally or iented 
structure compr ised of an a 2 matrix sur
rounding fi phase. The fi is a d isordered 

bcc phase. EDS analysis s h o w e d that the 
fi phase conta ined about 30 w t -% Nb and 
11 w t - % Al, wh i le the matrix aj phase 
conta ined about 20 w t - % Nb and 16 w t -
% Al . The Ti content o f the fi phase was 
about 5 w t - % less than that of the matrix 
phase (Table 2). 

Weld Metal 

Figure 8 shows co lumnar fi grains g r o w 
ing epitaxially f r o m the near HAZ into the 
FZ of the EB we ld p roduced at 2.1 m m / s 
(5 in . /min) . A distinct line, marked by the 
ar rows, separates the FZ f r o m the HAZ. 

Table 2—Phase Analysis of the Base Metal 

(wt-%) 

«2-phase 
(j-phase 
Nominal 

Al 
16.0 
10.6 
13.5 

Nb 
19.6 
29.6 
21.5 

Ti 
64.4 
59.8 
65.0 

- ",.-,, ' TST-

ZS&2 ~Kt 

•M»' '' _J.-^J 

f l ~ -r > 

f ' ' - , r ~ 

S-T 

7 • ' = - " •' • 

, '£' "... 

Fig. 6 — Photomicrograph showing typical base metal microstructure. 
Fig. 7 — Bright field TEM micrograph of the as-received wrought Alloy Ti-
14-21. 
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Fig. 8 — Photomicrograph of an EB weld showing both FZ and the HAZ 
microstructures. Arrow indicates fusion line. 
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%. 9 - Bright-field TEM micrograph of the EB weld FZ (welding speed 2.1 
mm/s). 

To a large extent the solidification sub
structure was masked by the transforma
tion of fi solid solution to ordered acicular 
«2- Also, the optical microscopy of the fu
sion zone revealed no significant varia
tions in the microstructure with varying 
welding speed, with all specimens exhib
iting distinct, acicular needles of aj. How
ever, TEM examination of the FZ revealed 
significant variations in the microstructure 
with an increase in welding speed, and 
thus the cooling rate. Specimens were ex
amined by TEM after EB welding at speeds 
2.1, 12.5 and 25 mm/s (5, 30 and 60 in./ 
min). Corresponding heat inputs for the EB 
welds were estimated to be 370, 96 and 
67 J/mm. A wide range of microstructures 
and phases was present. In the weld made 
at 2.1 mm/s with high heat input, 370 ) / 
mm, and thus low cooling rate, the struc
ture was predominantly acicular a2 —Fig. 

9. This microstructure also corresponded 
to the highest hardness measured of the 
three different welds made at three dif
ferent speeds and heat inputs. 

In welds made at 12.5 mm/s, with a 
heat input of 96 J/mm, the cooling rate 
appears to be fast enough to largely sup
press the fi to «2 phase transformation and 
yield a microstructure containing predom
inantly metastable fi (B2) as shown in Fig. 
10A. The needles in Fig. 10A are thin, 
probably martensitically formed, platelets. 
The [100] diffraction pattern in Fig. 10A 
shows the extra reflections that arise from 
the needles. Figure 10B is a dark-field mi
crograph illuminating the needles. Diffrac
tion analysis indicated that the needle 
structure could be considered as a 4% 
distortion of the a2 structure or could be 
considered as a 4% distortion of the OJ 
structure. It appears to be somewhat 

analogous to the a " orthorhombic dis
tortion of the /3-Ti phase. The structure of 
these phases after rapid cooling of similar 
alloys was previously described by Stry-
chor, et al. (Ref. 10). 

Microstructures of welds made at 25 
mm/s with a low heat input of 67 J/mm 
appeared similar to the 12.5 mm/s welds. 
The structure was predominantly meta
stable fi (B2); however, the B2 reflections 
were weak. 

Microprobe analysis was performed 
across several dendrites revealed by a 
combination of mechanical polishing and 
chemical etching. Microprobe traces 
across several dendrites for welds made 
at two different speeds revealed no sig
nificant segregation of either Al or Nb — 
Fig. 11. Also, the Al content of the FZ was 
same as that of the BM, indicating no loss 
of Al during EB welding. 

i°**^m^2 
bmWSLmmm 

Fig. 10-A- Bright-field; B - dark-field TEM micrograph of EB weld FZ (welding speed 12.5 mm/s). 
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Fig. 11 -Electron 
probe microanalysis 
trace on weld metal 
for two EB welds in 
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The microstructural features across the 
HAZ varied in accordance with the phase 
diagram and the peak temperatures 
reached in the HAZ. Variations in the mi
crostructure across the HAZ for a high 
energy input EB weld made at 2.1 mm/s 
(5 in./min) are shown in Fig. 12. Part of the 
HAZ that experienced temperatures in 
excess of the fi transus (near the fusion 
zone) had transformed to fi and on cool
ing retransformed to a2. The a2 is acicular 
in nature and distributed throughout the 
microstructure with distinct prior fi grain 
boundaries already resolvable (marked by 
the arrows). The coarseness of the a2 

platelets increased with distance from the 
fusion line. Also, there was considerable 
grain growth of the prior fi grains in the 
regions close to the FZ. Regions of the 
HAZ exposed to temperatures below the 
fi transus but in the a2 + fi region resulted 
in a duplex microstructure —Fig. 12. The 
characteristic feature of this region was 
equiaxed grains of a2 with thin fi regions-
marked by arrows in Fig. 12. 

Microhardness traverses across the EB 
weldments are shown in Fig. 13 for three 
different welding speeds and heat inputs. 
The FZ and HAZ regions were much wider 
for the high-heat input welds than the 
low-heat input welds. The microhardness 
averaged 250 DPH in the base metal and 
increased to an average of 460 DPH in the 
FZ and HAZ of welds made at 2.1 mm/s 
(5 in./min). The transition in hardness from 
low value to high at the base metal/HAZ 
boundary was sharp. The maximum hard
ness in the HAZ and FZ was found to be 
a function of welding speed and thus the 
heat input and cooling rates. As the weld
ing speed increased and heat input de
creased, the maximum hardness dropped 
to about 390 DPH. The high hardness of 
the HAZ and FZ in the welds made at 2.1 
mm/s is mainly due to the transformation 
of fi to fine, acicular a2 phase. The pres
ence of such a2 in the welds made at a low 
welding speed and thus high heat input, 
was confirmed earlier as shown in Fig. 9. 
The decrease in hardness of welds made 

Fig. 12 — Photomicrograph showing variations in microstructure across the HAZ of EB weld (welding 
speed 2.1 mm/s). 

at high welding speed (and thus low heat 
input) in excess of 12.5 mm/s (30 in./min) 
(higher cooling rate), may be related to the 
retention of larger amounts of metastable 
fi in the microstructure. Similar observa
tions have been made by other investiga
tors for fast cooling laser beam welds (Ref. 
11). 

Hot Ductility Testing 

Hot-ductility tests were performed in a 
Gleeble 1500 machine that can simulate 
the rapid heating and cooling of the HAZ 
in a test specimen. The peak temperature 
used in the test is below the bulk melting 
temperature of the alloy investigated. Re
sults of a hot-ductility test may provide 
significant information on the elevated-
temperature tensile properties of any mi
crostructure that may occur within the 
weld HAZ and hence, the cracking ten
dency, if any, of the HAZ. 

The HAZ weld thermal cycle used for 
the hot ductility testing was shown earlier 
in Fig. 5B. Specimens were fractured in 
tension during both the heating and cool
ing portions of the thermal cycle. Tensile 
ductility of the base metal as a function of 
temperature is shown in Fig. 14. Figure 14B 
shows the behavior for tests conducted 
during the heating portion of the HAZ 
thermal cycle. The ductility of Ti-14-21 al
loy increased from 3% at room tempera
ture to 25% at 640°C (1184°F). At higher 
temperatures, there was a significant 
amount of scatter in the data, in particular 
around 800°C (1472°F). Also, the ductility 
of the specimens tested between 700° to 
900°C (1292° to 1652°F) was lower than 
at 640°C, indicating a ductility "d ip " on 
heating. A ductility dip has been observed 
in many ot/fi alloys during the cooling part 
of a weld thermal cycle and has been re
ported to be related to the slip and defor
mation characteristics of the partially trans
formed fi microstructure (Ref. 21). The 
observed ductility dip in the alloy is a 
strong function of the cooling rate. In 
contrast to the earlier studies, in this 
investigation, a ductility minimum was ob
served during the heating part of the weld 
thermal cycle. Since the base metal used 
in all these tests was in the as-received 
condition, predominantly consisting of de
formed <x2 with a small amount of fi (dis
ordered), appreciable phase transforma
tion is not expected in the temperature 
range 700° to 900°C during the heating 
part of the thermal cycle. Although no 
change in the microstructure is expected 
in this temperature range, the slip mecha
nism may be different at the temperature 
of minimum ductility. Further investigation 
is necessary to confirm this. Also, reasons 
for the observed scatter in the data are still 
unresolved. The ductility of specimens 
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tested at temperatures in excess of 
1000°C (1832°F) showed a significant in
crease. This is related to transformation of 
a2 in the base metal to disordered fi above 
1050°C (1922°F), wherein fi is expected 
to have high ductility. 

After reaching a peak temperature of 
1260°C (2300°F), the tests conducted 
during the cooling (Fig. 14A) portion of the 
Gleeble thermal cycle showed a decrease 
in ductility from 33% at 1150°C (2102°F) 
to 0% at 200°C (392°F). At 1000°C and 
below, the base metal showed signifi
cantly lower ductility than the ductility of 
the alloy during the heating part of the 
thermal cycle. This is due to the transfor
mation of fi (disordered) produced during 
heating to a temperature above the fi 
transus to mostly brittle acicular a2 below 
1000°C and is undoubtedly related to the 
anamolous solid-state cracking behavior 
observed during the Sigmajig testing as 
noted earlier. The cooling rate encoun
tered during the thermal cycle shown in 
Fig. 5B is expected to produce a mixture of 
«2 with some retained fi. This was further 
confirmed by microstructural analysis. In 
spite of the loss in ductility during cooling, 
unlike in some nickel aluminides (Ref. 3), 
this particular alloy did not exhibit any 
tendency for HAZ cracking during weld
ing. 

Summary 

Defect-free EB and GTA welds were 
produced in the niobium-modified tita
nium aluminide alloy, Ti-14-21. Weldabil
ity evaluation using the Sigmajig test 
showed excellent resistance of this alloy to 
hot cracking, as good or better than other 
weldable aluminides such as NiaAI. Al
though the alloy showed excellent resis
tance to solidification cracking, it showed 
a tendency to crack (solid-state cracking) 
during cooling subsequent to the Sigmajig 
test. This is attributed to the solid-state 
transformation of fi to a brittle acicular a2 

microstructure during cooling from ele
vated temperatures. This observed crack
ing was unique to the highly stressed test 
specimens only and was not observed in 
any of the EB or GTA welds produced for 
evaluation. The hardness of the EB welds 
varied significantly across the weldment, 
increasing significantly in the HAZ and FZ. 
The maximum hardness was found to be 
influenced by welding speed (heat input), 
and hence, cooling rate and associated 
microstructures in the HAZ and FZ. 

The microstructural features of the 
weldments were found to be a strong 
function of welding speed, heat input, and 
thus the cooling rate. The FZ microstruc
tures contained predominantly fine, acic

ular ordered a2 phase at low welding 
speeds (that is, high heat input, lower 
cooling rate), and fi and ordered fi (B2) 
phases at high welding speeds (that is, low 
heat input and high cooling rate). The re
tention of fi at high cooling rates was the 
primary reason for the decrease in maxi
mum hardness of the FZ at high welding 
speeds. In the HAZ, there was a gradual 
variation in microstructures from a2 acic
ular near the fusion line to equiaxed 
a2 + fi in the far HAZ. 

The Gleeble hot-ductility test revealed 
an increase in the ductility of the alloy at 
elevated temperatures, with a possible 
ductility dip on heating around 830°C. 
Further, the specimens tested at various 
temperatures during cooling after reach
ing a peak temperature above the fi tran
sus showed a gradual drop in ductility 
from 33% at 1150°C to 0% at 200°C with 
no evidence of a ductility dip. These vari
ations in ductility during the heating or 
cooling parts of the thermal cycle may be 
closely related to the complex phase 
transformations namely a2 + fi to fi, or fi 
to a2, respectively. 
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