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RESUMEN 
 

Las turbinas de gas para aplicación aeronáutica se suelen construir mediante el ensamblado mecánico de los álabes 
individuales con el disco. Sin embargo, el novedoso proceso de soldadura por fricción lineal es una alternativa de 
fabricación que permite producir un único componente denominado BLISK (blade + disk). El diseño del BLISK 
presenta como principal ventaja el ahorro de peso.  
En este trabajo se analiza el comportamiento a fractura de soldaduras por fricción en una aleación de titanio de alta 
resistencia tipo Ti-6Al-2Sn-4Zr-6Mo. La caracterización microestructural se ha realizado por medio de microscopía 
óptica y electrónica de barrido, mientras que las evaluaciones mecánicas se han efectuado determinando perfiles de 
dureza a lo largo del área soldada, junto con ensayos de tracción y de tenacidad de fractura. Los resultados muestran 
que la tenacidad de fractura está fuertemente correlacionada con la trayectoria de la grieta por las diferentes zonas de la 
unión soldada.  
 

 
ABSTRACT 

 
 
Gas turbines for aero-engines are primarily manufactured by attaching individual blades into slots in the disk. However, 
the use of the recently developed linear friction welding process offers the possibility to produce BLISK (BLaded 
dISKs). BLISK design presents the main advantage of weight saving.  
In this study, the fracture behaviour of linear friction welds of a high strength titanium alloy type Ti-6Al-2Sn-4Zr-6Mo 
is analyzed. Microstructural characterizations have been performed by means of optical and scanning electron 
microscopy, whereas mechanical evaluations have been conducted by determining hardness profiles along the welded 
region, tensile and fracture toughness testing. The results show the relationship between the fracture toughness and the 
crack path along the different zones of the weld joint.  
 
 
ÁREAS TEMÁTICAS PROPUESTAS: Fatiga y fractura de materiales metálicos. Casos Prácticos y Aplicaciones en 
Ingeniería. 
 
PALABRAS CLAVE: Titanium alloys, friction welds, fracture toughness, BLISK 
 
 
 
1. INTRODUCTION 
 
European aeronautics has succeeded in establishing 
itself as the main competitor to the United States [1]. In 
order to maintain this position, European gas turbine 
industry is bound to continue improving its technical 
capabilities in terms of achieving higher efficiencies 
with regard to lower fuel consumption, enhanced 
reliability and safety, while simultaneously meet the 
terms of restrictive environmental legislations imposed 
by Kyoto Protocol. The feasibility of enhanced 
aeroengines depends on the achievements of R&D 
activities concerning the improvement of materials and 
structures. In this sense, advanced compressor designs 
are critical to attain these goals. Aircraft engines and 
industrial gas turbines have traditionally used bladed 
compressor disks with individual airfoils anchored by 

nuts and bolts in a slotted central retainer. Nevertheless, 
a recently introduced improvement of the component 
disk + blade is the BLISK (bladed disk), also called IBR 
(Integrated Bladed Rotor). BLISK denotes a design 
where disk and blades are a single piece, obviating the 
need for blade roots and disk slots. This design is 
rapidly gaining ground thanks to its advantages, mainly 
weight saving and eliminating the deterioration of the 
blade/disk attachment caused by fretting fatigue 
damage, which is very often the life limiting feature [2]. 
 
BLISK can be produced by machining from a single 
forged raw part or by bonding single blades in one way 
or another to a disk-like structure. In the low pressure 
stage of the compressor and the first stages of the high 
pressure stage, where the length of the blade contributes 
significantly to the full diameter of the component, 
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 machining the BLISK is a costly way. A more efficient 
technology is to weld the blades one by one to the disk.  
 
On the other hand, BLISK manufactured by machining 
comprise one single material. Therefore disks and 
blades have the same microstructure, being mostly 
optimised thinking in the in-service requirements of the 
disk. Nevertheless, BLISK produced by welding might 
have dissimilar alloys for disks and blades, and then 
optimised material properties for both. These properties 
depend on the dominating damage mechanisms in each 
component. Thus, high tensile strength and low cycle 
fatigue resistance are required for the disks, whereas 
high cycle fatigue performance and creep resistance are 
the most important properties for the design of blades.  
 
Electron-beam (EB) and inertia welding are used for 
BLISK production. However, EB welding is generally 
not recommended in critical applications concerning 
fatigue [3]. An interesting alternative technique is 
Linear Friction Welding (LFW). LFW is a process in 
which the heat for welding is produced by direct 
conversion of mechanical to thermal energy at the 
interface of the workpieces without the application of 
electrical energy or heat from other sources. This 
mechanical energy is produced by a linear reciprocating 
motion, of small amplitude (1-3 mm) and high 
frequency (25-100 Hz). This generates frictional heat in 
the immediate region around the weld plane, thereby 
softening a finite volume of material. As the weld 
proceeds, a portion of this visco-plastic layer is 
extruded at the periphery of the weld interface in 
rippled sheets of metal known as flash. No liquid phase 
occurs during the process, minimising thereby the 
possibility of pores formation, which in subsequent 
applications minimises the risk of premature fatigue 
crack initiation. 
 
For a critical application like the BLISK, it is clear that 
the mechanical properties of the welds, and especially 
their fracture toughness, must be high enough. 
However, these properties are difficult to predict 
because the microstructure produced in the weld region 
is very heterogeneous, and even more when two 
different base materials are welded together. Various 
researchers have studied the influence of welding 
processes in the fracture toughness properties of 
titanium alloys. In their contributions, J.L. Barreda et.al. 
[4] and I. Eizaguirre et. al. [5] compared the fracture 
toughness behaviour of plasma arc weldings (PAW) 
and electron beam weldings (EBW) using Ti-6Al-4V as 
a material system. They concluded that the plate welded 
by PAW showed higher values related to the acicular 
microstructure, while the EBW presented more α’ 
martensite. However, in both cases poor toughness 
values were obtained. F. Toster et. al. [5] studied the 
laser beam welds of two titanium alloys, i.e. Ti-6Al-4V 
and Ti-6Al-2Sn-4Zr-2Mo, and they determined lower 
fracture toughness values in the fusion zone and the 
heat affected zone (HAZ) as compared to the base 
materials. This fact was attributed to the presence of 

martensite. Although aeroengine companies are 
currently investing developing LFW, only a limited 
number of publications can be found in the open 
literature. 
 
On the other hand, standard fracture toughness test 
procedures cover the measurement of toughness in 
terms of K, J, and CTOD. These tests are only strictly 
valid for homogeneous materials, but they are 
frequently used to characterize weld joints despite the 
diverse regions of a welding can display significantly 
different properties. It is evident that the differences in 
tensile properties between the different weld areas will 
influence the development of plasticity during a fracture 
toughness test, and hence, will affect the relationship 
between the crack driving force and the applied load.  
 
Therefore, the aim of this work is to characterize the 
fracture behaviour of LFW of titanium alloys. The crack 
path in the different zones of the weld is discussed. 
 
 
2. MICROSTRUCTURAL 

CHARACTERISATION  
 
2.1.  Base Material  
 
Materials used for fan and compressor disks and blades 
in today’s state-of-the-art aero engines are primarily 
titanium alloys and nickel-based superalloys. The later 
being used in the last stages of the high pressure 
compressor due to temperature, strength and oxidation 
constrains. For low pressure compressors and the first 
stage of the high pressure compressors of civil aero 
engines, the typical titanium alloys are Ti-6Al-4V (Ti-
64) for applications up to 300°C and Ti-6Al-2Sn-4Zr-
2Mo-0.15Si (Ti-6242) up to 480°C. The first alloy is 
the standard (α+β)−alloy since the late 50s, whereas the 
later is a near-α alloy used since the late 60s. These 
alloys are used in various α+β -processed conditions 
leading to microstructures with a content of primary-α 
(αp) in the range of 5 - 45 % and a matrix consisting of 
fine α plates and β between them. They offer good 
tensile strength and ductility, as well as fatigue strength, 
but are more limited in creep resistance and fracture 
toughness. Also, with increasing cross sections of disks 
to be heat treated, the strength capability of these alloys 
is reduced due to slower cooling rates and subsequent 
larger α structures. 
 
In this investigation, the alloy selected for the BLISK 
was Ti-6Al-2Sn-4Zr-6Mo (Ti-6246). Ti-6246 is 
considered a high strength (α+β)-alloy, because in β-
processed condition offers 10-20% higher tensile 
strength as compared to Ti-64 and Ti-6242. On the 
other hand, Ti-6246 has a high content of β-stabilising 
elements (Mo, Cr) leading to more sluggish reactions 
during processing. Thus, thicker cross sections can be 
heat treated achieving uniform property levels.  
 

76



 Anales de la Mecánica de Fractura, Vol 1 (2007) 

 Different fabrication processes were selected for the 
disk and for the blades in order to achieve optimised 
microstructural characteristics for each part. Ti-6246 for 
the disk was forged in the β-region , being the β-transus 
for this alloy of 945ºC. In the case of the blades, slabs 
were forged at 900ºC, i.e. in the α+β field. The heat 
treatment after forging was the same in both cases, 
consisting on solution annealing at 915ºC for 2 hours, 
with a forced air cooling, and a final age hardening at 
595ºC for 8 hours with air cooling.  
 
Ti-6246 for the disk exhibits the typical aspect of a β-
forged microstructure, with platelet-like αp-formation 
and the desired discontinuous α-layer along the grain 
boundaries (figure 1). This type of microstructure is 
often designated as lamellar. Only some isolated 
continuous α-layer is observed, as well as formation of 
parallel side-plates along grain boundaries). The age 
hardening treatment produces αsec-platelets in the β-
matrix, between the αp-plates, but they are only visible 
at high magnification.  
 

 
 
Figure 1. Microstructure of β-forged Ti-6246 
 
The appearance of the α+β  forged alloy, with its typical 
bi-modal microstructure, can be observed in figure 2. It 
is composed by globular αp particles embedded in a fine 
lamellar α+β matrix. The αp content is 27.6 ± 5 vol.-% 
and the mean size of the nodules is about 15 µm.  
 
2.2.  Welds 
 
Blocks of 60 x 36 x 15 mm were welded using an 
electromechanical LFW machine instrumented to 
monitor and record the time dependant evolution of all 
significant process parameters, with special attention to 
the extrusion phase, which has been shown to have an 
important effect on weld integrity [7]. The appearance 
after welding is shown in Fig. 3, where flash is clearly 
visible. A post-weld heat treatment at 620 ºC during 4 
hours was always performed. 
 

 
 
Figure 2. Microstructure of α+β-forged Ti-6246. 
 
 

 
 
Figure 3. Photograph of a welded block. 
 
 

 
Figure 4. Macrograph of a welded block. 
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 The microstructural characterisation by optical 
microscopy and Scanning Electron Microscopy (SEM) 
was performed on polished and etched (with Kroll’s 
solutions) cross sections of welds. An overview of the 
weld is given in Fig. 4. The image corresponds to a 
transversal section and shows the narrow weld-zone. Its 
apparent width is around 1 mm in the centre, being 
wider at the extremes of the joint.  
 
A detailed examination of the joint reveals the very fine 
microstructure directly in the weld plane which is 
characteristic of LFW [8]. This fine microstructure 
evolves from the fact that the temperature during the 
process exceeds the β-transus in a small volume and 
that the cooling rate for this small volume is high. The 
transition from the weld plane up to the base materials 
can be divided in different areas. The evolution when 
going in the direction of the disk side is first analyzed. 
Zone A: from the centre to a distance of about 100 µm, 
the microstructure consists of recrystalized β-grains 
with a size less than 20 µm; Zone B: from 100 µm to 
300 µm of recrystalized β-grains and also deformed β-
grains (size > 20µm) elongated in the friction 
movement direction; Zone C: from 300 µm to about 750 
µm the overview micrograph shows a different etching 
behaviour (i.e. different colour) and it looks like as if 
the platelets αp have partially dissolved; Zone D: from 
750 µm to 1500 µm, the original base material 
microstructure is visible, with a slightly different colour 
compared to the “real” base material, but in the detailed 
micrographs there is no difference between the 
microstructures at 1000 µm and 1500 µm; Zone E: 
above a distance of approx. 1500 µm no influence of 
the LFW on the microstructure is detectable.  
 
On the other hand, when the microstructural changes 
are observed from the centre of the weld towards the 
blade side, the same areas are distinguished, with a few 
differences: in the Zone B recrystalized β-grains coexist 
with a deformed α+β microstructure; Zone C extends 
from 150 to about 400 µm and it is characterised by a 
white phase similar to the αp. These are most likely 
“ghost-α” grains, as described by Roder et al. [3]. 
“Ghost-α” grains occur when the temperature goes 
above the β-transus but during a time too short to allow 
a full chemical equalisation with the surrounding 
matrix. 
 
 
3. MECHANICAL CHARACTERISATION  
 

3.1. Hardness profiles 
 

The first step for the characterization of the mechanical 
response of the welds was measuring their hardness 
profiles. Loads of 1 kg were applied with a Vickers 
indenter. The profile showed in figure 5 corresponds to 
the central part of the specimen, where the HAZ is 
narrower. An increased hardness region extending 
around 1 mm on each side from the centre of the weld is 
patent. The elevated hardness of this region is a 

consequence of the refinement of the microstructure 
described in the previous paragraph. Other factors, such 
as the partly recovery of the hardening by secondary α-
platelets by the post-weld heat-treatment and residual 
stresses produced by the welding process could also 
contribute. On the other hand, Ti-6246 base materials 
exhibit similar hardness values despite their different 
microstructures. A more detailed evaluation of the 
indentation response of the welds is given by the 
authors in [9].  
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Figure 5 . Hardness profile of the weld. 
 

3.2. Tensile testing 
 
Tensile testing for the base materials was conducted on 
cylindrical specimens of diameter 6 mm. The same 
geometry was used to machine specimens from the 
welded blocks, always with the load axis perpendicular 
to the joining plane of the weld. All tests were 
performed under displacement control at a rate of          
2 mm/min and at least two specimens for condition 
were tested. Table 1 summarizes the results. 
 
Table 1. Tensile testing results.  
 

Alloy σys 
(MPa) 

σuts 
(MPa) 

Elongation 
(%) 

 
β Ti-6246 

 
1051 

 
1155 

 
13 

 
α+β Ti-6246 

 
1044 

 
1125 

 
18 

Welded 
specimens 

 
1030 

 
1078 

 
19 

 
Both base material conditions exhibit similar strength 
values, being slightly higher in the case of the β-forged 
alloy. All of them are in the typical range reported for 
Ti-6246 [10]. For the tests performed on the welded 
specimens, it is important to note that fracture never 
took place by the weld zone. Moreover, it always began 
in the blade alloy side, at a distance of at least 10 mm 
from the centre of the weld. The same behaviour was 
observed in high cycle fatigue tests [11]. Tensile 

78



 Anales de la Mecánica de Fractura, Vol 1 (2007) 

 properties of the welds are close to those obtained for 
the α+β Ti-6246, where the fracture occurred.  
 

3.3. Fracture toughness 
 
Toughness determination was performed according to 
the ASTM E-399 standard [12]. 3-point-bending 
specimens were cut by electro-discharge machining. In 
the case of base materials, specimens had a section of 
15 x 15 mm, whereas those taken from welded joints 
were 10 x 5 mm.  
 
The notch was produced in the weld plane with a 
diamond disk and sharpened with a razor blade up to a 
length to with ratio (a/w) of about 0.3. For the 
precraking process, a sharp precrack was introduced 
through application of cyclic compressive loads.  
 
Fracture toughness of titanium alloys is very dependent 
on microstructural and also crystallographic 
characteristics. Therefore, it is hard to establish a 
narrow range of “typical values”. From literature data 
[10], it can be realized that β processed alloys 
consistently have higher toughness than α+β processed 
ones. The same trend is appreciated when KIc values 
obtained for the two Ti-6246 conditions considered in 
this study are compared, i.e. β−forged Ti-6246 has 
higher toughness than α+β−processed Ti-6246 (Table 
2). This is related to the fact that the lamellar 
microstructure induces crack deviations and 
bifurcations following prior β grain boundaries or 
colony boundaries [13]. Both deviations of the mode I 
plane and bifurcations serve to reduce the effective near 
tip stress intensity factor: in the case of deviations by 
inducing mixed mode near tip conditions, while 
bifurcations disperse the strain field energy among 
multiple crack tips. For the β−forged alloy, rough and 
bright fracture surfaces are observed, with basket-weave 
arrangements corresponding to the colonies (Fig. 6a), 
whereas fractographies corresponding to bimodal 
microstructure appears flatter (Fig. 6b). 
 
Table 2. Fracture toughness testing results.  
 

Specimen Fracture Toughness (MPa.m1/2) 

β Ti-6246  67 

α+β Ti-6246 54  

Weld 1 15 

Weld 2 31 

Weld 3 45 
 
Three tests were performed on welded specimens. The 
scatter is very high, and all the values are clearly lower 
than those obtained for base materials, but two different 
behaviours can be separated. Only for one specimen 
both the fatigue precrack and the final fracture crack 
grew completely by the weld line, as shown in figure 

7a. In this case, the KIc obtained was the lowest one, i.e. 
14 MPa.m1/2. In the other two tests, crack deviations 
towards the HAZ were observed (Fig. 7b), at least in 
one of the faces of the specimen, and toughness were 
more than double than in the previous specimen.  
 

 
 
Figure 6. Fracture surfaces of toughness specimens. 
a) β-forged Ti-6246                        b) α+β-forged Ti-6246 
 

 
 
Figure 7. Crack paths for fracture toughness specimens.  
a) KIc = 14 MPa.m1/2   b) KIc = 45 MPa.m1/2 
 
Fracture surfaces are quite different too. When the crack 
remained by the weld line, a brittle appearance and a 
very fine equiaxial microstructure are visible. In the 
other cases, rougher surfaces and coarser 
microstructural details, probably corresponding to 
deformed lamellae of alpha phase, are appreciated  
 
From these observations, it can be concluded that the 
“real” toughness of the weld is around 14 MPa.m1/2, 
because in that test the crack front went through the 
weld line. This low value was expected because the 
extremely fine microstructure on the weld zone has a 
very high hardness, which is usually associated with a 
loss in fracture toughness. The results obtained for the 
other specimens are in fact evaluations of the HAZ 
toughness, because the crack deviated to this area. 
Values are higher than for the weld but lower than for 
the base material since the HAZ microstructure is a 
transition between both. 

a)

b)
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 In this line of ideas, for these inhomogeneous systems, 
measurement of toughness alone has little meaning if it 
is not related to the tensile properties of the material 
system. It has been demonstrated that the apparent 
fracture toughness of the same HAZ microstructure can 
change dramatically by just modifying the tensile 
properties of the adjacent weld metal [14,15]. 
 
 
4. SUMMARY 
 
Specimens of titanium alloys for aero-engine 
applications were welded by linear friction. 
Microstructural and mechanical analysis showed a 
narrow heat affected zone with a very fine 
microstructure and high hardness. 
  
In the tensile tests of welded samples, fracture never 
took place by the weld zone and properties are close to 
those of base materials.  
 
Fracture toughness of the weld was difficult to evaluate 
because the crack trend to deviate from the weld centre. 
When the crack remains totally in the weld line, low 
toughness values are found.  
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