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Abstract Butt welding of a 2-mm-thick super alpha-2

alloy (Ti-23Al-9Nb-2Mo-0.9Si) was carried out employing

autogenous gas tungsten arc technique. Process parameters

were adjusted to achieve full-penetration weld. Only b-Ti-

based phase was detected in the fusion zone; however,

minor quantities of a Ti3Al-based structure were found at

heat input higher than 518 J mm-1. No cracking was

observed within the fusion zone and its associated heat-

affected zones. Subgrain boundaries and acicular trans-

formation products were observed within the HAZ grains.

The acicular transformation products are believed to be

responsible for the higher microhardness value of the HAZ

compared to those of the fusion zone and base material. It

was found that the fusion zone and HAZ had lower strength

and ductility than the base material. Fracture occurred

within the HAZ, which is attributed to its higher microh-

ardness value and acicular transformed microstructure. The

maximum weld tensile strength achieved was about 90% of

that of the base material.

Introduction

Super alpha-2 alloys are based on Ti3Al titanium aluminide

intermetallic compounds with b-phase-stabilizing elements

such as Mo and V [1]. These alloys offer higher strength and

ductility than the conventional alpha-2 alloys (e.g., Ti-24Al-

11Nb, at. %) [2]. Kerry et al. showed the beneficial of Si

addition to creep properties [3] and a class of modified super

alpha-2 alloys has been developed [4]. These alloys have

high-strength/weight ratios and are candidates for aerospace

structural materials [5]. The joinability of these materials

will be an important factor in determining their utilization.

Pulsed Nd:YAG [6] and continuous power CO2 [7] laser

beam welding studies on Ti-26Al-11Nb alpha-2 alloy

demonstrated that full-penetration welds could be readily

produced in 1.7-mm-thick sheet with no evidence of

cracking. Also, David et al. [8] characterized electron

beam welds in Ti-28Al-11Nb thin plate using a range of

energy inputs to provide varying cooling rates and weld

microstructures. Results obtained generally paralleled

those of the lasers with a decrease in cooling rate. More-

over, Jicai et al. [9] and Wu et al. [10] reported the

microstructure of the electron beam and laser-welded

titanium aluminide-based alloy with higher Nb content,

respectively. Acoff et al. [11] employed gas tungsten arc

welding for joining near 0.5-mm-thick alpha-2 alloy.

However, no detailed mechanical properties of the weld-

ments have been reported in the literature.

The present paper deals with butt welding of a super

alpha-2 alloy (Ti-23Al-9Nb-2Mo-0.9Si, all at. %) employ-

ing gas tungsten arc welding process. Also, mechanical

assessment of the weldments is investigated.

Experimental procedure

A super alpha-2 alloy with the nominal composition of

Ti-23at. %Al-9at. %Nb-2at. %Mo-0.9at. %Si was used as

the base material for welding experiments. The alloy was

cast, forged and heat treated in IMI Titanium Company [3].

Heat treatment experiment was conducted using solution

treatment and quenching from the b-phase field and
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subsequent tempering at 800�C for one hour. Butt joints of

2-mm-thick coupons (45 9 30 mm) have been carried out

employing an autogenous gas tungsten arc welding tech-

nique with a 3-mm-arc length at AC voltage of 15 V.

Table 1 shows the applied welding process parameters. A

copper block was used in the experimental arrangement

set-up to obtain rapid weld cooling rates in this study. The

samples were placed on the top of the copper block prior to

welding. The following steps outline the procedures used to

prepare the coupons before welding:

– The machined edges of each coupon were ground with

220-grit SiC paper to remove any burrs or edge cracks.

– The specimens were rinsed in acetone, dried and stored

in sealed plastic bags. Prior to welding, each coupon

was cleaned with acetone.

The coupons were welded while enclosed inside a

Plexiglas chamber purged with high-purity argon

(99.999%) due to reactivity of titanium with atmosphere.

Argon was purged for 2 min prior to welding to displace

any air in the shielding bag. The welded coupons were

sectioned transversely and mounted in epoxy. Metallo-

graphic preparation involved grinding from 240-through

2000-grit SiC paper and polishing with 0.05-micron Al2O3

on cloth. Krolls reagent comprising 2-ml HF, 10-ml HNO3

and 88-ml H2O was used for etching the samples.

Inspection of the weldments was carried out using an

X-ray fluoroscope model MU41. The microstructures of

the base metal, heat affected and fusion zones were

inspected using light and scanning electron (model Cam-

Scan MV2300) microscopes. The former was linked with

an energy dispersive spectrometer (EDS) for the determi-

nation of chemical analysis. The crystal structure of the

base material and fusion zones was characterized using

X-ray diffractometry (model Philips X’Pert Pro). Tensile

testing was conducted on samples taken transversely to the

sound weldments to evaluate the mechanical properties of

the joints. The sizes of the tensile samples are shown in

Fig. 1. Testing temperature and speed were 27�C and

0.5 mm/min, respectively. Fracture surfaces of the tensile

tested specimens were examined using scanning electron

microscopy. Also, Vickers microhardness testing was car-

ried out on mounted metallographic specimens using a

200 g load.

Results and discussion

Weld geometry and inspection

All weldments exhibited a metallic/silvery colour. The heat

input was calculated using Eq. 1 [12]:

Hnet = g � V � I
S

ð1Þ

where Hnet is heat input; g, process efficiency; V, voltage; I,

current density and S, welding velocity. g is considered to

be 0.48 for the gas tungsten arc process [13].

Table 2 shows that increasing heat input (increasing

current or decreasing travel speed) resulted in increasing

width and depth of the weldments.

Visual inspection of weldments did not reveal any

cracks or other discontinuities. However, fluoroscopy

examinations revealed minor porosities which decreased

with increasing heat input. Sound weldments were

produced using heat inputs of more than 518 J mm-1.

Table 1 Welding process parameters and the related weld geometry

Weld No. Current, A Travel speed, mm/min

1 85 200

2 90 200

3 105 200

4 125 200

5 95 100

6 105 100

7 120 100

8 125 100

9 130 100

10 140 100

Fig. 1 Dimensions of the tensile samples, mm

Table 2 The calculated heat input and the measured width and depth

of the weldments

Weld

No.

Heat Input,

J mm-1
Penetration

depth, mm

Weld width,

mm

1 183 0.9 5.5

2 194 1.05 6.5

3 226 1.1 6.8

4 270 1.15 7.1

5 410 1.2 7.8

6 453 1.6 9.7

7 518 1.95 10.8

8 540 2 11.2

9 561 2 11.8

10 604 2 12.5
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Microstructural characterization

The X-ray diffraction pattern of the base material is shown

in Fig. 2. The reflections are consistent with the presence of

the dominant Ti3Al (alpha-2) and minor b-Ti-based crystal

structures. Also, the backscattered electron micrograph

(Fig. 3) revealed a two-phase Widmanstatten microstruc-

ture. The bright and dark contrasts are b and alpha-2 phases,

respectively. Limited reflections with low intensities were

detected which are thought to be related to O phase. This

phase has been observed in relatively high-Nb content

titanium aluminide alloys upon ageing and formed at the

interface of b and alpha-2 phases [14].

Compared to the base material, the fusion zones and

their associated heat-affected zones were more difficult to

etch. Microstructure of the weld No. 6 is shown in Fig. 4.

Coarse columnar grains have been revealed by optical

microscopy. These grains were oriented perpendicular to

the direction of the radial fusion boundary, which is the

direction of the maximum temperature gradient and thus

the maximum driving force for solidification. Also, a

dendritic substructure could be observed within the grains.

These characteristics paralleled those observed in typical

titanium and titanium aluminide (alpha-2) alloy welds [9,

15]. The secondary arms of these dendrites show orthog-

onal angle with the main columnar ones, reflecting a

cuboidal structure [16].

EDS area analysis revealed a decrease of Al content of

up to 2% in the fusion zone. This decrease is believed to be

due to evaporation and was found to be higher at the top of

the weldments after using higher heat inputs (Table 3 and

Fig. 5). Also, EDS point analysis showed substantial par-

titioning of Nb and Al to dendrites and interdendritic

regions, respectively (not shown here).
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Fig. 2 X-ray diffraction pattern of the base material

Fig. 3 Backscattered electron micrograph of the base material

Fig. 4 Optical micrograph of the transverse section of the fusion

zone showing coarse columnar grains with dendritic substructure

Table 3 EDS analysis of the top of the weld No. 9

Element Weight% Atomic%

Al 9.8 17.6

Si 1.2 2.1

Ti 69.1 70.0

Nb 15.4 8.0

Mo 4.5 2.3
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Higher magnification revealed columnar grains which

grew epitaxially upon coarse equiaxed grains of the HAZ

towards the center of the fusion zone of weld No. 5

(Fig. 6). Coarsening of the microstructure was found after

increasing the heat input.

X-ray diffraction patterns of the fusion zones consisted

of limited peaks which were consistent with only the b
structure. Figure 7 exhibits the X-ray diffraction patterns of

the welds Nos. 3 and 5 produced at relatively low heat

inputs (high cooling rates). Textures were affected by the

temperature gradient. This suggests that the heat input

plays an important role in the alignment of the fusion zone

grains.

Moreover, X-ray diffraction patterns of the weld pro-

duced at a heat input of more than 561 Jmm-1 exhibited

extra reflections consistent with a Ti3Al crystal structure

(Fig. 8). It was reported earlier that the fusion zone micro-

structure of Ti3Al-based alloys are sensitive to cooling rate

Fig. 5 X-ray spectrum of the top area of weld No. 9

Fig. 6 Optical micrograph of the transverse section of the fusion/

HAZ boundary exhibiting epitaxial growth
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Fig. 7 X-ray diffraction patterns of the weld Nos. 3 (a) and 5 (b)

produced using heat input of 226 and 410 mm-1, respectively
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Fig. 8 X-ray diffraction pattern of weld No. 10 produced using heat

input of 604 J mm-1
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[17]. Cieslak et al. [18] found only the transformed micro-

structure with no retained beta in the fusion zone of the gas

tungsten arc welds of Ti-26Al-11Nb. Higher cooling rates

may be achieved in the present investigation by using thicker

plates (2 mm instead of 1.7 mm) or a copper backing plate.

Figure 9 shows the formation of subgrains within the

HAZ indicative of the occurrence of a polygonization

process. Away from the fusion zone (FZ)/heat-affected

zone (HAZ) boundary, an acicular transformation product

was observed within the HAZ grains (Fig. 10). EDS point

analysis showed no difference in chemical composition

within the HAZ grains between the matrix and acicular

transformation products.

Figure 11 exhibits microhardness profiles of two trans-

verse sections of the weldments (welds Nos. 3 and 8). The

average microhardness value of weld No. 8 (Fig. 11b) was

slightly lower than that of weld No. 3 (Fig. 11a). This is

attributed to more elemental partitioning in the interden-

dritic regions as the welding heat input was increased.

Higher microhardness values were recorded for all the near

heat-affected zones, compared to those of the fusion zones.

It is believed that the increase in microhardness value is

related to the formation of subgrains and transformation

products within the HAZ grains. Also, it can be related to

lower level of Al in the fusion zone due to evaporation.

Microhardness value of the HAZ near the base material (in

Fig. 11 described as ‘Far-HAZ) decreases; this region

remains relatively unaffected by welding thermal cycle.

Fig. 9 HAZ grains with sub-boundaries

Fig. 10 Acicular products within the HAZ grains
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Fig. 11 Microhardness profiles of the weld Nos. 3 (a) and 8 (b)

produced using heat input of 226 and 540 J mm-1, respectively
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Generally, the microhardness values obtained were

found to be higher than those of Jicai et al. [9]. This may

be attributed to the lower Al level of their base material.

Figure 12 shows the room temperature stress-strain

curves of the tensile specimens taken from the substrate

material and weld No. 8 (with full-penetration fusion

zone), respectively. Tensile strength and ductility of the

specimen taken from the weldments exhibited lower

magnitudes compared to those of the base material. The

results achieved from the tensile tests of sound weldments

were in accordance with the results obtained from the

microhardness tests (see Fig. 9). It is presumed that the

reduction of mechanical properties (strength and ductility)

is attributed to the formation of acicular products within the

heat-affected zone.

Maximum weldment strength of 90% of that of the base

material was achieved for the weld No. 8.

Tensile specimens taken from the sound weldments

fractured in the heat-affected zone, very close to the fusion

zone and those with minor porosities fractured in the

fusion zone. Macroscopic examination of all fractured

specimens showed shiny and faceted surfaces reflecting a

cleavage fracture mode. Figure 13 exhibits fracture surface
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Fig. 12 Stress-strain curves for base material (a) and weld No. 8 (b)

produced using heat input of 540 J mm-1
Fig. 13 Fracture surface of the base material exhibiting river pattern

(a) and rosette features (b) employing higher magnification
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micrographs of the base material. A river pattern is

observed (Fig. 13a) reflecting a cleavage fracture. Also,

rosette-type features were observed at higher magnifica-

tions which is an indication of a quasi-cleavage fracture

mode. Features were oriented similar to Widmansttatten

microstructure of the base material.

SEM fractography of the weldment exhibited river pat-

terns indicative of a transgranular cleavage fracture, which

is common for the brittle materials (Figs. 14 and 15). The

‘‘river patterns’’ on each face are also typical of cleavage

fracture. Small gas porosities were observed in the fracture

surfaces of the weldments produced at relatively lower heat

inputs. It is believed that gas entrapment within the fusion

zone is due to relatively higher rate of solidification process.

Conclusions

1. Crack-free butt welding of a 2-mm-thick super alpha-2

plates has been achieved using tungsten inert gas

technique.

2. The b-Ti (body centred cubic) crystal structure was

obtained in the fusion zone. Subgrain and fine acicular

transformation products were found in the heat-

affected zone.

3. The average microhardness value of the fusion and

heat-affected zones was shown to be higher than that

of the base material. The highest microhardness value

was found in the heat-affected zone.

4. The fusion zone and its associated heat-affected zones

exhibited lower strength and ductility than the base

material. The maximum strength obtained in the fusion

zone was about 90% of that of the base material.

5. Fracture occurred in the heat-affected zone near the

HAZ/weld boundary of the sound weldments produced

at relatively high-heat inputs and was shown to be of

transgranular cleavage type. This is attributed to the

acicular transformation product of the high-tempera-

ture b-Ti-based phase.

6. Small gas pores were found to be a problem in the

weldments produced using relatively low-heat inputs.

Acknowledgement Thanks are to Dr. S. Kerry of DRA Farnbor-

ough, England, for providing the base material and to University of

Tehran for financial support for the present research.

Fig. 14 Fracture surface of the tensile test specimen taken from the

weld No. 5 exhibiting river pattern initiating from gas porosities

Fig. 15 Fracture surface of the tensile test specimen taken from the

weld No. 8
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