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ABSTRACT. This study examines the
weldability of a cast gamma titanium alu-
minide (γ-TiAl) alloy using the autoge-
nous gas tungsten arc welding process. Ex-
perimentation consisted of spot and butt-
joint welding of gamma titanium alu-
minides at welding current levels ranging
from 50 to 150 A using no preheating. It
was found that the welded microstructure
exhibited columnar and equiaxed den-
dritic structures along with a small quan-
tity of gamma grains. A closer examina-
tion of the dendritic grains showed that a
fine lamellar structure consisting of alter-
nating platelets of alpha-2 and gamma was
observed within the dendrites. Other mi-
crostructural constituents in the fusion
zone were a massive gamma structure and
the alpha-2 phase. Crack-free welds were
obtained for high welding currents. How-
ever, cracking was observed at lower weld-
ing currents, which also corresponded to
increased amounts of the alpha-2 phase.
The hardness of the fusion zone was in-
creased relative to the base metal, result-
ing in reduction in both room temperature
ductility and tensile strength of the weld.
Conclusively, very careful selection of
welding parameters that result in de-
creased amounts of the alpha-2 phase is
required for successful joining of TiAl al-
loys using gas tungsten arc welding. 

Introduction

The low density, superior strength, and
high stiffness at elevated temperatures of
TiAl intermetallic alloys have attracted a
great deal of attention from the aerospace
and automobile industries (Refs. 1–5).
However, it is apparent that the ability to
weld these materials to themselves and to
other materials is the key to making them

more attractive. It is particularly interest-
ing to study the feasibility of using the gas
tungsten arc welding (GTAW) technique,
which promises to be an economical way
to weld gamma titanium aluminides. De-
spite its importance, only a few papers
have been published on the joining of
gamma titanium aluminides using gas
tungsten arc welding. For instance, L. C.
Mallory et al. (Refs. 6, 7) investigated the
evolution of the weld fusion zone and
heat-affected zone (HAZ) microstructure
in preheated GTA welds of a forged
gamma Ti-48Al-2Cr-2Nb alloy. When
preheating to 800°C was used, no cracking
was detected. However, weld beads pro-
duced under identical welding conditions
but without preheating all contained
cracks. A microstructural analysis of the
fusion zone showed cored dendritic solid-
ification structures with single colonies of
fine lamellar alpha-2/gamma (α2/γ) con-
stituent extending across the dendrites.
The occasional presence of interdendritic
gamma grains was also observed. Interest-
ingly, the microhardness of the fusion
zone and HAZ were significantly in-
creased relative to the base metal. 

T. J. Kelly (Ref. 8) studied the GTA
weldability of a cast Ti-48Al-2Cr-2Nb
gamma alloy. Prior to welding, all speci-
mens underwent hot isostatic pressing
(HIPing) and some were heat-treated
after HIPing at 1300°C for 20 h. As-
deposited weld metal exhibited a highly
segregated solidification structure that
consisted of the gamma phase, colonies of

gamma plus alpha-2 (γ + α2) laminates,
and the Laves phase. Solid-state cracking
was observed in all welds of as-HIPed
specimens even with preheats as high as
600°C. However, specimens heat-treated
at 1300°C after HIPing did not crack even
without preheating because heat-treating
at 1300°C increased the ductility of the
specimens. In another study, Bharani and
Acoff (Ref. 9) used autogenous GTA spot
welding to produce crack-free welds in
cast alloy Ti-48Al-2Cr-2Nb and extruded
alloy Ti-46Al-2Cr-2Nb-0.9Mo without the
use of preheating. They showed it is possi-
ble to achieve crack-free welds by only ap-
plying a post-stress relief treatment at
615°C. The crack length in the fusion zone
decreased as a function of increasing cur-
rent level, with no cracks observed for the
highest current levels. Dendritic solidifi-
cation structures were produced in the fu-
sion zone of both alloys. Microhardness
profiles also indicated an increase in hard-
ness from the base metal to the fusion
zone. 

Although some success has been
achieved, a comprehensive understanding
of the weldability of these alloys is still
lacking. The objective of the present study
is to analyze GTA welding of the inter-
metallic γ-TiAl by examining the structure
and mechanical properties of γ-TiAl welds
for different welding currents. Character-
ization tools and techniques employed for
this investigation consisted of light mi-
croscopy, X-ray diffraction, scanning elec-
tron microscopy, transmission electron
microscopy, microhardness testing, and
tensile testing.

Experimental Procedure

Materials and Sample Preparation

An alloy of nominal composition Ti-
48Al-2Nb-2Cr (at.-%) was used in this
study, with the actual composition shown
in Table 1. The alloy was received in the
form of 256-mm-long × 110-mm wide × 15-
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mm-thick cast plates from GE Aircraft
Engines. The specimens were HIPed at
1185°C at 107 MPa for 3 h followed by a
stabilization heat treatment at 1205°C for
2 h, which was all performed at GE. The
cast plates were sectioned into 100-mm ×
15-mm × 2-mm specimens for butt-joint
welding and 20-mm × 15-mm × 2-mm 
specimens for spot welding (i.e., welding
with the torch stationary at a single loca-
tion for a fixed time) using electrical-
discharge machining (EDM). The speci-
mens were mechanically ground with 120-
grit SiC paper then pickled in a solution
composed of 400 mL H2O + 40 g KOH +
40 mL  H2O2 in order to remove surface
contaminants. Before welding, a pre-
stress relief treatment was performed at
615°C for 2 h to relieve any stress pro-
duced during grinding of the re-cast EDM
layer.

Experimental Apparatus

Autogenous GTA welds were pro-
duced using spot and butt-joint welding on
coupons of γ-TiAl alloys. All welding ex-
periments were performed using direct
current electrode negative. A welding
speed of 3 mm/s was used to make the
butt-joint welds and a welding time of 2 s
was employed for the spot welds. The
welding equipment had a spot timer de-
vice that allowed precise control of the
welding time. The welding currents used
ranged from 50 to 150 A and the corre-
sponding welding voltage was 14–18 V. Im-
mediately after welding, the samples were
visually checked to detect the presence of
cracks. All welding was performed inside
a welding chamber that was purged with
argon for 10 min prior to welding.

Materials Characterization

The welded and as-received samples
were sectioned into metallographic speci-
mens. These metallographic samples were
prepared using conventional metallo-
graphic procedures for titanium alu-
minides (Ref. 10). Microstructural details
were revealed by a Kroll’s modified etch-
ing solution comprised of 100 mL H2O +
35 mL H2O2 + 5 mL HNO3 + 10 mL HF.
Microstructural characterization was per-
formed using light microscopy, scanning
electron microscopy (SEM) equipped
with energy dispersive X-ray spectrometry
(EDS), and transmission electron mi-
croscopy (TEM). X-ray diffraction
(XRD) was used for primary phase iden-
tification of the fusion zone and base
metal. The welded specimens were pre-
pared for XRD by carefully removing the
fusion zone from the specimen using a
precision saw. Measurement parameters
for XRD were as follows: Cu Kα radia-
tion, accelerating voltage 40 kV, and tube

current 35 mA. Diffraction patterns were
obtained in the step, 2θ mode in the range
of 20–90 deg.  

Mechanical Testing

Microhardness data was obtained
using a Knoop microhardness tester with
a load of 500 g. The Knoop hardness num-
ber (KHN) was plotted as a function of
distance across the welded specimen. Ten-
sile tests were carried out on a universal
testing machine at room temperature
using a constant crosshead speed under a
strain rate of 10-4 s-1. Two tensile specimens
were evaluated: one that consisted of only
the base metal and the other of only the fu-
sion zone.

Results and Discussion

Microstructural Characterization of the
Base Metal

The as-received condition of the alloy
consisted primarily of a lamellar mi-
crostructure composed of alternating
platelets of gamma and alpha-2 and some
equiaxed gamma grains, as shown in Fig.
1. This microstructure is the result of the
treatment for cast alloys developed by
Austin et al. (Ref. 11), which involves HIP-
ing of the as-cast alloy followed by heat
treatment in the alpha + gamma field.
The X-ray diffraction analysis of the base
metal is shown in Fig. 2.  In this XRD scan,
peaks due to gamma and alpha-2 phases
are identified. The prominent peak at

about 39 deg corresponds to the gamma
phase (Ref. 12) and it accounts for both
the gamma lamellae and the equiaxed
gamma grains observed. After solidifica-
tion, cast gamma titanium aluminides are
transformed into a lamellar structure with
a preferred orientation of the lamellae —
Fig. 1. The lamellae are aligned parallel to
the outer surface of the ingot, i.e., per-
pendicular to the heat flow during solidi-
fication. This texture is reflected in the
XRD measurement showing a high-inten-
sity peak in the (111) plane. The small
peak at about 41 deg corresponds to the
alpha-2 phase (Ref. 13), which is present
in the base metal as alpha-2 lamellae. The
weak intensity of the alpha-2 peak is prob-
ably due to the very thin alpha-2 lamellae,
which is below the spatial resolution of the
XRD technique, and the minimal pres-
ence of individual alpha-2 grains as shown
in Fig. 1.  

Fusion Zone Microstructures 
for Spot Welds 

Figure 3 shows a light micrograph of a
weld obtained by welding with an arc cur-
rent of 50 A, where the evolution of mi-
crostructure from the base metal (left) to
the fusion zone (right) is evident. This fig-
ure shows that the fusion zone mi-
crostructure was composed of columnar
grains oriented perpendicular to the di-
rection of the radial fusion boundary. This
was expected, since during solidification,
grains tend to grow in the direction per-
pendicular to the solid/liquid interface,

Table 1 — Composition of the Titanium Alloy Used in This Study (Atomic Percent) 

Ti Al Cr Nb Fe Si O C

Bal. 48 1.8 1.8 0.02 0.004 0.22 0.04

Fig. 1 — Light micrograph of the as-received mi-
crostructure.

Fig. 2 — XRD pattern of the base metal.
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which is the direction of the maximum
temperature gradient and thus the maxi-
mum driving force for solidification.
Higher magnification micrographs of the
columnar structure show lamellar grains
and some amount of small blocky grains
identified as the gamma phase — Fig. 4.  

A region of about 200 µm between the
base metal and the fusion zone can be rec-
ognized as the heat-affected zone (HAZ)
— Fig. 5. This region mainly consisted of
equiaxed gamma grains. The center of the
fusion zone showed a markedly different
microstructure. This region, which experi-
enced the highest temperatures, exhibited
a dendritic structure — Fig. 6. The differ-
ence in microstructure between the weld
centerline and the fusion boundary can be
attributed to different temperature gradi-
ents and solidification rates between the
two regions. As the welding current was
increased, the volume fraction of lamellar
structure increased while that for the
equiaxed gamma grains decreased.  

A high cracking susceptibility was ob-
served for welding at 50 A. A typical crack
that occurred is shown in Fig. 7. The
cracks appeared either immediately after

welding or several seconds after welding
was performed. These cracks were identi-
fied as solidification cracks and occurred
at the center of the fusion zone. For the
spot welds, the center of the weld pool was
highly susceptible to crack development
and occasionally the cracks propagated
into the base metal, as shown at the bot-
tom of Fig. 7. Interestingly, SEM/EDS
analysis found that the cracked surfaces
were enriched with Al ranging from 51 to
54 at.-%, suggesting that the heavily seg-
regated interdendritic regions were initia-
tion sites for cracks. 

Since the specimens were relatively
small (2 mm thick) and there was little or
no external stress exerted to the work-
piece, it is believed the major contributing
factor to the susceptibility to solidification
cracking was thermal stresses. The ther-
mal stresses developed from the differ-
ence in temperature across the fusion
zone as a result of the metal at the fusion
zone/base metal boundary solidifying
much faster than the metal at the center of
the fusion zone. The thermal stresses can-
not be accommodated due to the lack of
ductility of the fusion zone, which results

from the increased volume fraction of the
brittle alpha-2 phase compared to the base
metal. Furthermore, severe solute segre-
gation at the center of the fusion zone pro-
vides fracture initiation sites for the
cracks. However, it is believed that de-
creasing the cooling rate (increasing the
welding current), which in turn reduces
both alpha-2 formation and interdendritic
segregation, reduces the susceptibility for
solidification cracking. Traditional hot
cracking was not the operative mechanism
since no evidence of grain boundary li-
quation or fracture features associated
with the occurrence of subsolid liquid mi-
croconstituents was observed. 

No cracks were observed for using
welding currents equal to or greater than
75 A. This observation supports the belief
that decreasing the cooling rate by in-
creasing the welding current reduces the
susceptibility for solidification cracking.
Although the butt-joint welded specimens
have a much higher heat input compared
to spot welded specimens, it was consis-
tently observed that the specimens spot
welded at 50 A exhibited solidification
cracking, whereas specimens spot welded

Fig. 3 — Light micrograph for the 50-A spot
welded specimen. BM denotes base metal.

Fig. 4 — Higher magnification light micrograph
of the columnar structure obtained for spot weld-
ing using a current of 50 A.

Fig. 5 — Light micrograph showing heat-affected
zone for the 50-A spot welded specimen.

Fig. 6 — Light micrograph showing the center of
the fusion zone for the 50-A specimen.

Fig. 7 — Light micrograph showing a solidifica-
tion crack that developed for spot welding at 
50 A.

Fig. 8 — Fusion zone microstructure for speci-
men butt-joint welded using a welding current of
55 A.
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at currents greater than or equal to 75 A
did not. Patterson et al. (Ref. 14) con-
cluded there is a critical weld cooling rate
(300 K/s) below which cracking does not
occur for γ-TiAl welds. They observed
from light microscopy that an increase in
the acicular microconstituent occurred
with increasing the weld cooling rate. For
the present study, a change in the fusion
zone microstructure with increased weld-
ing current (decreased cooling rate) was
also observed. As the welding current was
increased, the volume fraction of the brit-
tle alpha-2 phase decreased. This mi-
crostructural observation was supported
by the XRD results that are presented in
the present study.      

Fusion Zone Microstructures 
for Butt-Joint Welds

Butt-joint welds were obtained using
three different welding currents: 55, 75,
and 115 A. Figure 8 shows the fusion zone
microstructure obtained for the 55-A heat
input. Large columnar grains oriented in
the welding direction were observed. Sim-
ilar features were also obtained for the
other two heat inputs. However, an in-
crease in the grain size of the columnar
structure was evident as the welding cur-
rent increased. Figure 9 shows a higher
magnification SEM micrograph of the fu-
sion zone microstructure produced for a
welding current of 55 A. This microstruc-
ture mainly consisted of fine lamellar
grains, similar to those observed for the
spot welded specimens.  Large gamma
grains located at lamellar grain bound-
aries were also observed. Interestingly,
some dark, deeply etched gamma grains
with a patchy morphology were observed
— Fig. 9B. These grains were identified as
massive gamma grains (γm), which result
from the massive transformation from
alpha to gamma at relatively high cooling
rates (Ref. 15). Also, some amount of
alpha-2 phase, resolvable only by TEM
analysis, is believed to be present due to
the higher cooling rate — Fig. 10. Figure
10A is a bright-field TEM micrograph of
the fusion zone showing an alpha-2 grain
with a neighboring lamellar grain. The
identification of the phase was confirmed
with a selected area diffraction pattern in
the (0001) orientation as shown in Fig.
10B. The diffraction pattern confirmed
the hexagonal close-packed alpha-2 struc-
ture. Interestingly, the heat-affected zone
was practically indistinguishable at the op-
tical and SEM scale for the butt-joint
welded specimens. The 55-A specimen ex-
hibited a high proportion of cracks. The
crack morphology was similar to that ob-
served for the 50-A spot welded specimen.

Increasing the welding current to 75 A
revealed that the lamellar structure was

the main constituent. However, lesser
amounts of massive gamma and supersat-
urated alpha-2 structures were observed
compared to the microstructure obtained
for 55 amps. A further increase in the
welding current from 75 to 115 A pro-
duced a more extensive fusion zone with
coarser grains.

X-ray Diffraction Analysis of
the Fusion Zone

XRD was utilized to determine the dif-
ferent phases that developed in the fusion
zone microstructure. Figure 11 shows the
results for spot welds obtained at three dif-
ferent heat inputs: 50, 100, and 150 A. The
XRD data in this figure indicates there
was a significant increase in the alpha-2
phase compared to the base metal condi-
tion — Fig. 2. This was revealed by the
stronger peaks of the alpha-2 phase, espe-
cially the main peak in the (201) plane.
The increase in alpha-2 structure was the
highest for the 50-A specimen. This sug-
gests the cooling rate plays an important
role in the microstructural control of the
fusion zone. In GTA welding of gamma ti-

tanium aluminides, solid-state phase
transformations are strongly affected by
the cooling rates. At lower cooling rates,
the lamellar structure is largely predomi-
nant. In this case, the alpha phase trans-
forms into a well-defined alpha-2/gamma
lamellar structure (α → α + γ). Studies
have shown this reaction occurs in the two-
phase α+γ phase field of the TiAl phase di-
agram (Ref. 16) and exhibits characteris-
tics of a nucleation and growth process,
very likely involving diffusion (Ref. 17). At
higher cooling rates, however, the decom-
position of the alpha phase is suppressed
in favor of the ordering of the alpha phase
into the alpha-2 phase (α → α2), resulting
in an increased amount of alpha-two in the
fusion zone. The present study suggests
that welding of TiAl-based alloys should
be conducted at cooling rates that will not
suppress the decomposition of the alpha
phase. In this work, the heat input or the
applied welding current controlled the
cooling rates. Moreover, the study of
other variables that can also modify the
cooling rates, such as welding speed and
the use of preheating, was beyond the
scope of this work. 

Fig. 10 — TEM micrograph of the fusion zone showing the alpha-2 phase. A — Bright-field image; 
B — selected area diffraction pattern of the region shown in A.

A

A

B

B

Fig. 9 — Fusion zone microstructures for the 55-A butt-joint welded specimen. A — SEM secondary
electron image showing the fusion zone at a higher magnification; B — light micrograph showing a mas-
sive gamma grain. 
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Microhardness Measurements

A microhardness profile of the as-
welded condition using a heat input of 75
A is shown in Fig. 12A. In this figure, the
fusion zone microhardness increased dra-
matically relative to the base metal micro-
hardness of 300 KHN. The microhardness
increased on average by a factor of 1.5.
The observed increase in fusion zone mi-
crohardness is in agreement with all pre-
vious reports on TiAl weldability. It is be-
lieved the increase in microhardness is
due to the increased presence of alpha-2
structures that formed during welding.
This microstructure is known to have a
higher microhardness compared to other
gamma-related microstructures. The mi-
crohardness profile for the weld produced
at 115 A is illustrated in Fig. 12B. This fig-
ure shows an increase in microhardness
from the base metal to the fusion zone that
was similar to the 75-A specimen. How-
ever, the average fusion zone microhard-
ness was slightly lower than that observed

for the 75-A specimen, which corresponds
with the decrease in alpha-2 phase that
was observed as the welding current was
increased — Fig. 11.

Tensile Testing

Figure 13 shows the room temperature
stress-strain curves for the as-welded con-
dition and the as-received condition (base
metal). Results show there was a dramatic
decrease in tensile strength and loss of
ductility for the as-welded condition. Fur-
thermore, the calculated elongations at
failure were 0.1 and 0.5% for the as-
welded condition and the base metal, re-
spectively. The observed tensile behavior
of the as-welded condition agrees with the
increase in fusion zone microhardness 
discussed previously.  

The reduction of mechanical proper-
ties can be partially explained by the mi-
crostructural changes that occurred dur-
ing welding that resulted in a higher
amount of the brittle alpha-2 phase in the

fusion zone. SEM micrographs of the ten-
sile test fracture surfaces for the as-
received and as-welded specimens are
shown in Fig. 14. For the welded speci-
men, fracture occurred in the weld fusion
zone. The micrographs reveal that there
are two distinct failure mechanisms for
the base metal (Fig. 14A) and the as-
welded condition (Fig. 14B). The base
metal exhibited mainly translamellar frac-
ture, which agrees with the great propor-
tion of lamellar constituent in this mater-
ial, as   shown in Fig. 1. Translamellar
fracture is associated with a greater de-
gree of plastic deformation experienced
at the crack tip and ligament formation,
often yielding higher toughness. How-
ever, the as-welded condition exhibited
transgranular cleavage fracture, which is
common for brittle materials. The multi-
faceted surface, observed in Fig. 14B, is
typical of cleavage in polycrystalline ma-
terials where each facet corresponds to a
single grain. The “river patterns” on each
face are also typical of cleavage fracture.

Fig. 11 — XRD patterns of the fusion zones obtained for different heat inputs.  A — 50 A; B — 100 A; C — 150 A.

Fig. 12 —  Microhardness profiles for welds produced at A — 75 A; B — 115 A. Fig. 13 — Stress-strain curves for the base metal
and a specimen welded at 75 A.  

A B
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It is believed that fracture occurred in the
planes with low cohesive strength. For
TiAl, these planes have been identified as
the (111)γ planes (Ref. 18).

Conclusions

Autogenous GTA welding has been
used to produce crack-free welds in Ti-
48Al-2Cr-2Nb without the use of preheat-
ing. A procedure for obtaining sound,
crack-free welds consisted of pre-stress re-
lief treatment of 615°C for 2 h and weld-
ing at arc currents equal to or greater than
75 A.

The γ-TiAl base metal microstructure
consisted of a lamellar (γ/α2) structure
with some amount of gamma grains. How-
ever, the welded microstructure exhibited
columnar and equiaxed dendritic struc-
tures. The columnar grains extended from
the fusion boundary to the weld center-
line, whereas the equiaxed structure de-
veloped at the center of the fusion zone. A
closer examination of the dendritic grains
showed they were composed of a consid-
erably fine lamellar structure compared to
that of the base metal. Other microstruc-
tural constituents observed in the fusion
zone were supersaturated alpha-2 phases
and massive gamma metastable struc-
tures. There were more of these structures
present at the lower heat inputs. Less
cracking was observed as the welding cur-
rent was increased, which corresponded
with a decrease in the alpha-2 phase in the
fusion zone. 

Mechanical properties of the weld
were decreased relative to the base metal,
as was indicated by microhardness mea-
surements and tensile testing. A signifi-
cant increase in microhardness was ob-
served in the fusion zone. Also, the
as-welded condition showed a reduction
in ductility and a decrease in tensile
strength.  
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