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Abstract

This study introduces powder interlayer bonding (PIB) as a novel joining technique, for the high integrity repair of components,

fashioned from two titanium alloys commonly employed in the aerospace industry. The PIB technique in this study utilised a

metallic powder interlayer between the two faying surfaces. Heating was provided via induction to create a bond in an inert

atmosphere. The PIB technique proved capable of producing high integrity bonds in both Ti-6Al-4Vand Ti-6Al-2Sn-4Zr-6Mo. A

reduction of less than 10% in strength is seen for bonds created with both alloys. The deficit seen in ductility for the alloys was

deemed acceptable for the industrial applications considered.
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1 Introduction

Titanium alloys are integral to the efficient operation of mod-

ern gas turbines. Since their inception in the 1950s, titanium

alloys have been widely utilised in the aerospace industry.

These alloys can account for approximately 30% of the weight

of a modern engine [1]. The α + β alloys Ti-6Al-4V (Ti-6-4)

and Ti-6Al-2Sn-4Zr-6Mo (Ti-6-2-4-6) are two such materials

that can be found in numerous locations throughout the gas

turbine. These alloys can be produced via traditional processes

such as forging and casting and can be heat treated to achieve

the mechanical properties required for service. Ti-6-4 is typi-

cally found in the fan and compressor sections where it is used

for both rotating and structural components [2], while Ti-6-2-

4-6 is used for rotating components in the compressor stages

of the gas turbine.

The mechanical properties of these titanium alloys are

strongly linked to their microstructures which are controlled

by their thermomechanical processing history [3].

Thermomechanical processes such as solution heat treatment,

deformation and annealing can create a variety of microstruc-

tures, which are often described by the morphology of the α +

β phases. These can range from the lamellar microstructure

which develops during cooling from the β phase field, to the

equiaxed structure, which develops through a recrystallisation

process. The beta transus (βT) is a key parameter in the pro-

cessing of titanium alloys as it separates the β phase field from

the α + β phase field [4].

Ti-6-4 is the most extensively used titanium alloy due to its

excellent balance of mechanical properties at ambient temper-

atures, namely good strength and fatigue properties, and is

commonly used to fabricate wide chord fan blades and discs

[5] in the gas turbine. The alloy has been shown to have a UTS

of ~ 1050MPa [6] and a fatigue strength of 500MPa at 107 cy-

cles at room temperature [7]. The alloy is heat treatable with a

reported BT of 996 °C ± 14 °C [7]. Aluminium is present at

6 wt% as an α-stabiliser, strengthening the α phase via solid

solution strengthening. The alloy contains 4 wt% vanadium as

a β-stabiliser, this exceeds the solubility limit of the α phase at

all temperatures, allowing a limited amount of β to be retained

at room temperature.

Ti-6-2-4-6 is primarily used as a disk and blade material

due to its superior fatigue strength and toughness properties at

elevated temperatures [8]. The alloy is often β-forged to im-

prove fatigue crack growth and fracture toughness properties

by inhibiting the growth of continuous grain boundary α as

this can reduce fatigue strength and ductility [9]. β-forging

promotes the growth of discontinuous, acicular α throughout
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the grain rather than at grain boundaries, which improves fa-

tigue properties of the alloy. UTS values of approximately

1200MPa and elongations of 7% can be achieved in β-forged

Ti-6-2-4-6. β-forging the alloy can increase fracture toughness

to above 50 MPa m1/2 [10]. The alloying elements within Ti-

6-2-4-6 include 6%wt aluminium, 2%wt tin, 4%wt zirconium

and 6%wt molybdenum with a reported βT of 935 °C [11].

Aluminium is the predominant α-stabiliser within the alloy

and strengthens via solid solution strengthening, whereas mo-

lybdenum is isomorphic with titanium and forms a continuous

solid solution with the β allotrope of titanium, increasing the

response of the alloy with regard to heat treatments. Tin and

zirconium are both classed as α-stabilising elements. This is

due to zirconium’s chemical similarity to titanium, and tin’s

ability to replace aluminium in the hexagonal ordered α2

phase [12].

Gas turbine component designs are continuously develop-

ing with more complex parts being introduced in to service.

Along with increased performance there can be drawbacks

that come with implementing complex geometrical compo-

nents, such as an increased difficulty in repairing these

components.

The ability to repair engine components provides engine

manufacturers with a significant opportunity to reduce costs

through reduced material replacement and a reduction in time

off wing. Some of these structures may be large scale, which

offer both challenges and opportunities for repair. Component

geometry must be retained post repair while adjacent temper-

ature sensitive regions may need to be protected. Advanced

materials also provide challenges in repair where higher integ-

rity material properties are required. Component replacement

has a considerable effect on costs, accounting for up to 70% of

engine maintenance costs [13]. Examples of joining methods

that may be used as repair processes for titanium alloys in-

clude fusion welding techniques such as tungsten inert gas

(TIG) welding, plasma arc (PA) welding, laser beam (LB)

welding and electron beam (EB) welding [14]. These process-

es melt and re-solidify the base material to produce a weld

autogenously or by utilising filler material; the weld region

is referred to as a fusion zone (FZ). The high temperatures

involved also produce a heat affected zone (HAZ) adjacent

to the FZ, where the localised temperature exceeds the βT of

the material. As a result, the FZ and part of the HAZ develop

transformed microstructures [12], whose grains may be far

larger than those of the base material [15]. Residual stresses

and defects such as porosity are also a consequence of these

processes which can affect mechanical properties. The

resulting mechanical properties of these regions can also differ

from the base material, ductility being one example that can

degrade when base alloy strength increases [16].

Successful welding of titanium alloys is complicated by its

inherent affinity for oxygen, nitrogen, carbon and hydrogen at

the temperatures witnessed during welding operations.

Therefore, the processes previously mentioned rely on

shielding the weld zone with inert gases such as argon or in

the case of EB welding, by performing the operation in a

vacuum [17]. For successful welds to be produced cleanliness

is critical, where surfaces, fixtures and fittings must be cleaned

to avoid contamination.

TIG welding is a widely used process capable of producing

high quality, economical welds in titanium alloys of thin sec-

tion sizes up to a few millimetres thick [18, 19]. It is a robust

process, where alignment is not as critical as other joining

techniques due to the wide fusion and heat affected zones

created. However, due to the high heat input, deformation

can be a major concern [20]. Due to its constricted arc, PA

welding offers improved arc stability and lower workpiece

distortion over TIG welding. Wide fusion and heat affected

zones again provide a robustness to the process but these

advantages come at far higher equipment costs [18]. LB

welding is a power beam welding process providing a con-

centrated heat source with minimal distortion. The resulting

microstructures seen at the FZ are finer than those seen with

TIG welding [21], with changes being limited to narrow fu-

sion and heat affected zones [22, 23].Weld conditions must be

accurately controlled, and positioning is critical due to the

narrow diameter of the beam. High costs compared to other

joining processes inhibit extensive use. EB welding is an al-

ternative for LB welding and can be used to join thicker sec-

tions due to its higher penetrating power. Similarly, to LB

welding it offers narrow HAZ’s with low distortion. Very

high-quality joints can be achieved with tensile properties of

the weld approaching those of the base material [24]. Again,

control and positioning are key with costs being even more

prohibitive than LB welding.

Diffusion bonding (DB) is another process that has

been utilised in the gas turbine to join titanium alloys

[6]. It has been successfully used to produce wide chord

fan blades found on Trent engines [25]. As with all

welding operations cleanliness is critical for successful

DB to be performed, with the wide chord fan blades being

produced in a clean room environment. DB is an expen-

sive and complicated process and does not lend itself well

to the repair process; where issues such as asperities be-

tween bonding surfaces can lead to excessive porosity.

Recently, interlayers have been utilised to facilitate the

joining of dissimilar alloys. Niobium interlayers have

been used in conjunction with laser welding to join NiTi

to Ti-6-4 [26], where they promoted crack free welds and

prevented the formation of brittle intermetallics. A nickel-

based superalloy and TiAl alloys have been successfully

laser welded by utilising vanadium and copper composite

interlayers [27]—the interlayer again helping to reduce

the formation of brittle intermetallics and improving joint

strength. Interlayers have also been used in combination

with electron beam welding, where niobium and copper
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interlayers have been used to facilitate the bonding of

titanium and kovar alloys [28].

The present investigation introduces powder interlayer

bonding (PIB) as a novel joining technique providing high

integrity joints at relatively low cost, while providing oppor-

tunities to salvage otherwise redundant gas turbine compo-

nents [14]. In this study, the PIB technique utilises a metallic

powder interlayer between the two faying surfaces, eliminat-

ing surface asperities and reducing the dependency of the

bonding process on smooth surface finish. The process utilises

inert gas shielding to protect the FZ from oxidation during

bonding. Heating in the example offered in this work is pro-

vided by induction, which is an efficient method of heating

metals such as titanium. The technique provides several ad-

vantages over the previously mentioned joining practices such

as localised heating, narrow fusion zone, reduced residual

stress in the bond region and portability, which can be a major

advantage for repair. PIB has the potential to compete against

these more mature techniques, offering a method of joining

that is applicable to a variety of aerospace alloys.

2 Experimental procedures

All materials investigated in this work were supplied by Rolls-

Royce Plc in the form of 10-mm diameter bars. The as-

received (AR) Ti-6-4 specimens were taken from a section

of cross-rolled plate that underwent rolling in the α + β region

to produce plate ~ 13 mm thick. The Ti-6-2-4-6 AR material

studied was taken from a forging that had been β-forged, then

solution treated for up to 2 h at approximately 870 °C before

being aged at approximately 600 °C for 8 h.

The gas atomised Ti-6-4 (Fig. 1a) and Ti-6-2-4-6 (Fig. 1b)

powders used in this study were supplied by LPWTechnology

Ltd., with powder particles having a diameter between 15 and

45 μm and 25–53 μm respectively. Powder interlayers were

created by combining either Ti-6-4 or Ti-6-2-4-6 powder with

cellulose powder, glycerol and deionised water to create a

paste. The powder paste was then applied to the surface of

one of the faying surfaces to a thickness no greater than

400 μm, utilising a measuring jig to ensure the paste thickness

and to prevent powder loss. Prior to applying paste and

attaching thermocouples, both parts were ultrasonically

cleaned in industrial acetone for 30 min.

The two parts (including one with an interlayer) to be bond-

ed were attached to the rods of a servo-hydraulic rig via col-

lets. The faying surfaces were then brought in to contact. The

bonding procedure was performed in an argon chamber,

shielding the two parts from the local environment. The bond

regions of both alloys were initially heated by a water-cooled

induction coil to 900 °C, at a heating rate of approximately

6 °C/s. In order not to exceed the bonding temperature, a

second heating rate of 0.5 °C/s was then employed to achieve

the final temperatures in the individual alloys α + β regions.

The bonding temperatures were then held (± 5 °C) for 60 min.

After bonding was completed, the joined specimens were air-

cooled to room temperature.

Temperature was measured by type N thermocouples

welded in place within 1 mm of the faying surface and con-

nected to a calibrated Fluke 54 II thermometer. An initial

stress no greater than 50 MPa was applied across the bond

line for 60 min.

To facilitate metallographic analysis, the specimens were

mounted in conductive Bakelite. Specimens were then pre-

pared via a standard grinding and polishing procedure con-

cluding with a final polish using a non-crystallising colloidal

silica solution (0.04 μm). The samples were etched with

Krolls reagent for approximately 10 s before being thoroughly

rinsed under running water. The microstructural and

microtextural characterisation of the individual alloys was per-

formed using a Hitachi SU3500 scanning electron microscope

(SEM) equipped with electron backscatter diffraction (EBSD)

and energy dispersive spectroscopy (EDS) facilities. The

mean linear intercept (M.L.I.) method was used to calculate

the average grain size of the materials. The approximate vol-

ume of retained beta phase was determined manually using

Photoshop software. Retained beta was identified in several

images, allowing the volume fraction to be calculated from the

total area recorded. To obtain a value for the total amount of

porosity through a bond, a bonded specimen was sectioned

Fig. 1 Powders used during

bonding process a Ti-6-4 b and

Ti-6-2-4-6
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and prepared for microstructural analysis. A stitch of images

was obtained across the length of the bond line at a fixed

magnification. Using the ‘threshold’ function on ImageJ soft-

ware, the images were adjusted so that the pores were

highlighted using the sliding bar. Once the highlighted pores

have been selected, the ‘measure’ function is used to calculate

the percentage and total area of the pores.

Pipped cylindrical tensile specimens, as shown in

Fig. 2a, were machined from the bonded test pieces for

subsequent mechanical testing. The orientation these

specimens were removed from the original material is

shown in Fig. 2b. Tensile tests were performed at room

temperature in accordance with BS EN 2002-1:2005. This

standard is a common practise amongst the engineering

industry and allows the use of dual strain rates. A rela-

tively low strain rate (3E-5) was employed during the

elastic regime and onwards through yield followed by a

more rapid rate (2E-3) to induce failure. The transition

between the two applied strain rates induces an obvious

step increase in the induced stress response. The nominal

values of strain quoted in this paper were measured via

actuator displacement. Once failed, specimen halves were

deliberately not brought into contact as a method of mea-

suring elongation to failure so as not to damage the key

features on the fracture surfaces.

3 Results and discussion

3.1 Microstructures of the original materials

The original microstructures of the Ti-6-4 and Ti-6-2-4-6 ma-

terials are shown in Figs. 3 a–c. The Ti-6-4 material was found

to have an essentially equiaxed structure, with an average αp

grain size of ~ 15 μm and ~ 5% retained β located at the triple

points of the αp grains, which is typical of rolled Ti-6-4 plate

[6]. The Ti-6-2-4-6material exhibits a microstructure compos-

ing of prior β grains with an average grain size of ~ 300 μm,

Fig. 2 Illustration of tensile specimen used and orientation taken from Ti-6-4 plate and Ti-6-2-4-6 forging

Fig. 3 Microstructure of a Ti-6-4 material, b Ti-6-2-4-6 and c high magnification of Ti-6-2-4-6
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with fineα lamellar with an average width of 1 μm retained in

a βmatrix. The βmatrix was found to contain colonies of fine

secondary α platelets 50–200 nm in width as illustrated in

Fig. 3 c. The ageing process applied results in very little grain

boundary alpha (αGB) in the microstructure.

In the AR condition the Ti-6-4 plate was found to have

a characteristic cross-rolled texture with strong {0002}

basal components aligned to both rolling directions. A

relatively high-texture intensity 13.03 times random was

discovered, with evidence of large macro zones present in

the material, illustrated in the IPF map in Fig. 4 a. The Ti-

6-2-4-6 alloy was found to have α and β texture intensi-

ties of 5.52 and 3.36 times random respectively as illus-

trated by the pole figures in Fig. 4 b.

3.2 Macro inspection of PIB sample

During the bonding process, a certain amount of deformation

or upset was seen between both the original pieces. The degree

of upset is the change in overall length resulting from the load

applied in the longitudinal axis as described in Eq. 1 as fol-

lows:

ερ ¼
lo−l f

lo
ð1Þ

where ερ is the degree of upset, lo and lf the original and final

length respectively. Typically, the Ti-6-4 bonds see ~ 6% upset

over the length and ~ 34% increase in cross-sectional area. A

Fig. 4 EBSD-derived IPF//Z pole figures for a Ti-6-4 alloy and b Ti-6-2-4-6 in the as-received condition
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lesser amount of deformation was seen in the Ti-6-2-4-6

bonds with ~ 3% reduction in total length and ~ 28% increase

in cross-sectional area. Examples of completed bonds and the

resultant deformation are illustrated in Figs. 5 a and b.

There appears to be a limited amount of oxidation on the

surface in the proximity of the bond line of both specimens;

this is unsurprising as Ti-6-4 is known to dissolve any oxide

on its surface at temperatures above 925 °C [7]. There are,

however, oxide rings visible ~ 20 mm away from the bond

line, due to the lower temperatures experienced in these

regions.

Figure 5 c shows that both alloys were seen to develop a

relatively uniform layer of α case at the surface post bonding;

this was measured as ~ 40–50μm. This brittleα case layer can

be easily cracked on loading and can be detrimental to me-

chanical properties such as LCF performance. Such areas

would need to be dressed away during any repair process

before PIB repairs were put back into service.

3.3 Microstructure of the bond region

Examples of the microstructures across the bond line of

the PIB Ti-6-4 and Ti-6-2-4-6 materials are illustrated in

Figs. 6 a and b. Figure 6 a clearly demonstrates that the

Ti-6-4 bonding cycle produces a bi-modal or duplex mi-

crostructure with equiaxed αp grains in a transformed β

matrix throughout the bond region. The alloy was found

to consist of ~ 32% αp volume fraction with an average

αp grain size of approximately 16 μm. The bond line is

approximately 100 μm thick through the centre region of

the Ti-6-4 bond. A limited amount of porosity is seen

throughout the bond line, with maximum pore size found

to be below 10 μm in diameter.

When looking at the microstructure for bonded Ti-6-2-

4-6 (Fig. 6b), the bond line has a thickness of ~ 180 μm

through the centre region. Some porosity can be found

within the interlayer region or at the interface between

Fig. 5 Examples of completed bonds for a Ti-6-2-4-6, b Ti-6-4 and c depth of α case formation in proximity of bond line for Ti-6-4

Fig. 6 Microstructure across the bond line of bonded a Ti-6-4 b Ti-6-2-4-6
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the interlayer and the base material, as with the Ti-6-4

alloy these pores were found to be below 10 μm in diam-

eter. As can be seen in Figs. 6a and b, there is a signifi-

cant difference in the thickness of the bond line between

both alloys. The main reason for the disparity in this ex-

ample is the Ti-6-2-4-6 alloy having an initial interlayer

approximately twice the thickness of the Ti-6-4 alloy.

Using the method described in Section 2, the total poros-

ity retained through a single plane of the bond region of

the Ti-6-4 alloy was found to be approximately

7300 μm2. Figure 7 illustrates that a significant amount

of the remaining porosity is located within the upset re-

gion of the bond formed. As previously mentioned,

repaired components would be dressed before being put

back into service, thus removing this upset region and in

the case of the Ti-6-4 alloy ~ 65% of the retained porosity.

3.4 The bonding process

Transforming the powder into a solid form occurs

through a solid-state sintering process. The process uti-

lises thermal energy combined with the applied force to

consolidate and densify the powder. The process is driv-

en by reducing the total interfacial energy, as expressed

by Eq. 2.

∆ γAð Þ ¼ ∆γAþ γ∆A ð2Þ

where γA is the total interfacial energy, γ is the specific surface

(interface) energy and A the total surface (interface) area. The

reduction in interfacial energy is a result of densification and

Fig. 7 Illustration of the typical

porosity distribution through a Ti-

6-4 bond

Fig. 8 Illustration of a powder

densification curve for a sintering/

bonding cycle for Ti-6-2-4-6 [30]
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the change in interfacial area is due to grain coarsening which

is the basis of sintering. For solid-state sintering, =∆γ is related

to the replacement of solid/vapour interfaces (surface) by

solid/solid interfaces [29].

The bonding cycle shares a commonality with the

solid-state sintering cycle as illustrated in Fig. 8, where

the bonding process can be viewed as three associated

phases: the initial, intermediate and final phase. During

the initial phase localised bonding occurs between adja-

cent powders (grains) via the formation of necks with

high curvatures, and a small amount of plastic deforma-

tion is seen, this may be below 5%, as seen in a sintering

cycle. For bonding to proceed between particles, material

must be transported from the particle to the neck region

via diffusion (vacancy migration). Surface stresses at the

neck result in a higher concentration of vacancies (ab-

sence of atom or molecule) due to the regions non-

uniform curvature when compared to the surface of the

particle away from this region. At bonding temperatures,

vacancies can diffuse away from the neck through the

powder particle via volume diffusion or along the surface

of the powder via surface diffusion [30]. The net result of

this diffusion of vacancies is a flow of material in the

opposite direction. Continued transport of material to the

neck region facilitates the continued growth of the necks

and pore shrinkage as powder bonding enters the interme-

diate phase.

The intermediate phase of bonding is characterised by

the pores beginning to round. Most of the deformation

and densification of the powders occurs during this inter-

mediate phase of the process; it has been reported that up

to 93% of the relative density happens before isolation of

the pores during a sintering cycle [29]. During the early

stages of densification, plastic deformation can be a major

factor in the densification of the powders. However, as the

total surface area of the powders continue to shrink, de-

formation slows until finally stopping. The deformation

witnessed during this phase includes a realignment of

the powder lath structure, becoming generally perpendic-

ular to the loading direction as shown in Fig. 9. Sufficient

stored energy is introduced via the deformation, enabling

recrystallisation of the α + β phases during the final

phase. The final phase involves the subsequent final den-

sification of the bond and the elimination of isolated

pores, via continued pore rounding and general pore

shrinkage. This is the most time-consuming phase, taking

up most of the bonding time as illustrated in Fig. 8.

Together with time, bonding temperature and applied

force are integral to final powder consolidation; increases

in temperature intensify the driving force for densification

and greatly affect process kinetics due to the exponential

relationship between temperature and atomic diffusion.

Controlling temperature is critical during bonding; for ex-

ample, exceeding the βT of the alloys would have a fun-

damental effect on the final microstructures; degrading

mechanical properties such as LCF performance. The

force applied, especially during the initial stages of the

bonding cycle, plays a significant role in successful

bonds. Too high a load can result in excessive deforma-

tion and buckling of the specimens, if too low a force is

applied, then insufficient plastic deformation of the pow-

der occurs. Increasing the bonding time was found to

Fig. 9 Realignment of powder lath structure perpendicular to the loading

direction for a Ti-6-4 bond

Fig. 10 Examples of partial

powder collapse for Ti-6-4 alloy

due to a insufficient force b

insufficient temperature
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Fig. 11 Stress strain curves for

Ti-6-4, Ti-6-2-4-6 AR materials

and PIB bonds

Fig. 12 EBSD-derived pole

figures, IPF//X through bond

regions for a Ti-6-4 alloy and b

Ti-6-2-4-6 alloy
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improve powder densification; however, diminishing im-

provements are realised with increasing time. Examples of

insufficient force and temperature are illustrated in

Figs. 10 a and b, where partial powder collapse results

in excessive pore size which cannot be eliminated during

the final phase.

3.5 Tensile properties

The tensile curves for the bonds created in this study are illus-

trated in Fig. 11. These clearly demonstrate that excellent

properties are maintained for both alloys utilising the PIB

process. On analysis the Ti-6-4 PIB specimens fractured in

the bond region, while the Ti-6-2-4-6 PIB specimens fractured

~ 7 mm remote of the bond region. Reductions in strength of

approximately 10 and 8% are seen in the Ti-6-4 and Ti-6-2-4-

6 alloys respectively. To achieve a further improvement in

properties for Ti-6-2-4-6 an anneal treatment of 640 °C for

2 h was added as a post process heat treatment. The result of

the anneal, shown in Fig. 11, displays an improvement in

ductility with UTS remaining largely unaffected.

It is suggested that the reduction in strength of the Ti-6-4

PIB specimens can be largely explained by the different tex-

tures found in the Ti-6-4 AR and PIB specimens. There are

strong texture components found in the Ti-6-4 AR material as

shown in Fig. 4 a. The AR material was tested in the direction

with the strongest texture component of approximately 13

times random. Testing in this direction can be compared to

testing in the transverse direction of unidirectional rolled ma-

terial, where it has been shown that reductions of between 5

and 8% in strength have been seen for Ti-6-4 [31] between the

transverse and rolling directions respectively. As illustrated in

Fig. 12 a, the recrystallised microstructure through the bond

region of a Ti-6-4 PIB specimen has a much weaker texture

intensity of approximately five times random. The strongest

texture component is approximately 30o away from typical

basal texture, which is generally believed to indicate that

recrystallisation has occurred during the process [32]. The

Ti-6-4 PIB specimens maintain comparable levels of ductility

to the base material; this is not unexpected as it has been

shown that texture does not greatly affect ductility [33]. The

debit in strength and ductility seen in the Ti-6-2-4-6 PIB spec-

imens is more complex than that of the Ti-6-4 alloy. Texture

does not appear to be a major factor with the Ti-6-2-4-6 alloy

as illustrated in Fig. 12 b, where a slight decrease in intensity

is seen for the α phase when compared to the AR material.

It is suggested that the bonding cycle has created a weak

zone in the region of fracture as illustrated in Fig. 13.

Figure.13 shows that the bonding cycle has produced a micro-

structure in the bond region with bi-modal characteristics;

containing globular αp with an average grain size of ~ 6 μm

and coarse α laths in a matrix of small transformed β grains

Fig. 13 Schematic representation of a weak zone created in a Ti-6-2-4-6 PIB sample due to the lack of fine secondary α platelets
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through the bond region of the Ti-6-2-4-6 specimen. However,

insufficient dislocation density has been introduced during

deformation to allow complete recrystallisation to occur, lim-

iting the volume of αp present in the microstructure. Figure 13

also shows the microstructure of the bonded Ti-6-2-4-6 spec-

imen in the region of fracture, where there is no secondary α

present in the β grains, resulting in a weakness in this area.

Lutjering [34] reported that the precipitation of fine α plates

through the β phase improved the mechanical properties of α

+ β alloys. A similar effect was reported by Thomas et al. [35]

in the Timetal 575 α + β alloy where fine α plates precipitated

in the transformed β were thought to be key for strength op-

timisation. The fine secondary α found in the ARmaterial and

the more extreme regions of the bonded samples acts to

strengthen the alloy by reducing the effective slip length

across the α colonies in these regions. The addition of a post

bonding annealing step acts to alleviate this weakening effect

seen in Ti-6-2-4-6 by precipitating αs in the fracture region.

The tensile result for the annealed sample shows that by in-

creasing the αs in the weakened region, it is possible to

achieve elevated properties, especially with regard to ductility.

Figure 13 illustrates that an increased amount ofαGB and large

α colonies were present in the microstructure in the fracture

region, which have both been shown to negatively affect duc-

tility in α + β alloys.

A slight reduction is seen in the Young’s modulus value for

the Ti-6-4 PIB specimen of ~ 4.5%, while a larger drop of ~

16.5%was recorded for the Ti-6-2-4-6 alloy. Although there is

a variation in the amount of reduction seen between Ti-6-4 and

Ti-6-2-4-6 alloys, the trends are consistent with previously

reported results [31]. Analysis of the fracture surfaces of all

the bonded samples highlighted that as with the starting ma-

terials, the fracture mode of both alloys was found to be duc-

tile in nature, with ductile dimples seen throughout the typical

cup and cone fracture surfaces, an example of this is illustrated

in Fig. 14.

4 Conclusions

This study has investigated the suitability of PIB as a

novel joining technique for the high integrity repair of

aerospace components fashioned from two titanium alloys

commonly employed in the aerospace industry.

Microstructural characterisation of the Ti-6-4 and Ti-6-2-

4-6 alloys was performed before and after the bonding

cycle. Comparisons have been made between the PIB pro-

cess and the sintering process to explain this novel tech-

nique. Conclusions are presented below:

& Powder interlayer joining (PIB) incorporating a metallic

powder interlayer between the two faying surfaces and

argon gas shielding has proved successful as a joining

technique for the repair of titanium alloy components.

& PIB provides advantages over more mature and currently

used joining practices such as localised heating, narrow

FZ, low residual stress in the bond region, and the antic-

ipation of portability as the process matures, which can be

a major advantage for repair.

& PIB can produce high integrity bonds in Ti-6-4 and Ti-6-2-

4-6. A reduction of only 10% is witnessed in strength and

comparable ductility is recorded when compared to base-

line Ti-6-4 material.

& For the Ti-6-2-4-6 material, a strength reduction of only

8% is seen in the bonded condition. Although a significant

reduction is seen in ductility, it has been shown this can be

mostly alleviated via the use of post process anneal.

& A significant amount of the remaining pores were found in

the upset region of the bond in both alloys, outside of the

original gauge. This is important as this region is likely to

be removed during post processing. This operation will

also remove the resulting alpha case on the surface of

the bond region, removing the risk of compromised me-

chanical properties.

Fig. 14 Examples of fracture

mode in Ti-6-4 alloy
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5 Future work

It is believed that PIB is a technique that is applicable to a

variety of aerospace alloys. Plans are in place to investigate its

suitability for the joining of other advanced materials such as

ALM produced titanium and nickel alloys. Although these

initial results are very promising, further work into the effect

of bonding parameters and interlayers should provide addi-

tional improvements in mechanical properties. The effect of

different size powders is also to be studied. It is thought re-

ducing powder size may reduce both the maximum size and

density of retained porosity post bonding. Actual components

will have more complex geometries than those studied here,

thought to this will need to be included in further work.

Ultimately, the integrity of bonded components will be deter-

mined by their fatigue performance, both LCF and HCF test-

ing are planned for both titanium alloys studied in this work.
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