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Abstract: 
The usage of friction welded blisks in turbine engine compressors comprises an increase of 
effectiveness of the compressor and weight savings due to the omission of the disk blade 
attachment. The combination of the Ti-6Al-4V modifications mill annealed as the blade material 
and bi-modal as the disc material demonstrates a concept for a multi-material high pressure 
compressor blisk with operating temperatures up to 350°C. Linear friction welding (LFW) is the 
state of the art welding process for the production of joined titanium blisks. Orbital friction weld­
ing (OFW) represents an alternative process where the discontinuous linear motion of the LFW 
is replaced by a continuous circular motion, to achieve an improved heat generation. Bending 
fatigue tests were performed in the as-welded and stress relieved condition to demonstrate the 
effect of residual stresses developed during orbital friction welding on the fatigue performance 
of the welds. Additionally, shot peening was performed on the heat treated welds to further 
improve the fatigue performance. 
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Introduction 
Linear friction welding was developed to apply the beneficial properties of rotary friction welds 
on non-axially symmetric components. This process was adapted for the manufacturing of 
blade integrated disks used in turbine engine industries [1]. The use of LFW for joining the 
titanium alloys Ti-6Al-4V [2 - 5] and Ti-6Al-2Sn-4Zr-6Mo [4 - 6] has been studied and has 
already developed into a state of the art process used in modern turbine engines [7]. Recent 
developments focus on the combination of nickel alloys [8] and even nickel based single crys­
tals [9] for high-pressure compressor and turbine stages respectively. 
As reported in the cited literature, LFW is capable of producing high quality titanium joints with 
similar and dissimilar alloy combinations. The welds can be characterized by a fine grained 
microstructure without oxides, inclusions or discontinuities. Depending on the welded alloys, 
the tensile strength of the weld can surpass the strength of the parent material or can be im­
proved by a post weld heat treatment. Linear friction welding machines are based on typical 
designs of rotary friction welding machines, where the spindle is replaced by a hydraulic actu­
ator that generates the linear reciprocating motion [1 O]. Orbital friction machines are equipped 
with rotating heads which perform a circular motion. Due to the different kinetics a faster and 
homogeneous heat generation can be achieved with orbital friction welding [11].Tensile resid­
ual stresses in the weld line and compressive stresses in the thermo mechanical affected zone 
beneath the weld line have been found in Ti-6Al-4V linear friction welds [12,13]. A PWHT at 
100°C above the conventional aging temperature of Ti-6Al-4V (approximately 600°C) leads to 
the relaxation of tensile residual stresses to below 50 MPa [14]. Shot peening is used to in­
crease the fatigue performance of components that have to bear cyclic loads, due to the in­
crease of hardness at the surface to delay surface crack nucleation and induced residual com­
pressive stresses that decelerate fatigue crack propagation [15]. 

Experimental procedure 
Ti-6Al-4V in the mill annealed and bi-modal condition have been joined using orbital friction 
welding. SEM pictures of both microstructures are presented in Figure 1. The mill annealed 
microstructure is characterized by a duplex structure consisting of primary alpha grains with 
an average gain size of about 10 µm, lamellar alpha+beta phase and intergranular beta. The 
primary alpha grains are partially elongated and the lamellar phases are distributed heteroge­
neously. The bi-modal microstructure has a primary alpha content of 40 % with an average 
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grain size of about 20 µm. The remainder consist of lamellar alpha-beta phase. In contrast to 
the mill annealed structure the bi-modal material appears to be fully recrystallized. 

Figure 1: Ti-6Al-4V in the conditions mill annealed (left) and bi-modal (right) 

Orbital friction welding was performed in the force displacement mode. The process consisted 
of three friction phases followed by a single forging phase. Only the mill annealed Ti-6Al-4V, 
representing the blade, conducted the circular relative motion to simulate the blisk welding 
process where the blade is subjected to the relative motion only. Welding samples with the 
dimension of 7 x 14 x 50 mm3 were used. The welding surfaces were turned and cleaned with 
acetone before welding. Figure 2 shows the flesh formed during welding. 

Figure 2: Top view on flash formed during welding 

During welding plasticized (softened) material is extruded into the flash. The flash formation 
can be used as a first quality criterion for friction welds. The picture shows that material was 
extruded in all directions. Hence, it can be assumed that a connection along the entire cross 
section was generated. 
The welded samples were partially subjected to a post weld heat treatment (PWHT) to relief 
residual stresses that may have formed during welding. The heat treatment was performed at 
640°C for two hours followed by air cooling. 
Tensile tests were performed on the welds and the bulk material in the PWHT condition. The 
tests were conducted according to EN 10002-1 with M6 samples with a strain rate of 1 mm/min 
at room temperature. 
Shot peening (SP) was performed on the welded samples with an Almen intensity of 0.2 mmA 
using SCCW 14. The influence of SP on surface roughness was measured. 
Bending fatigue tests were performed in the as welded (AW), heat treated (HT) and heat 
treated plus shot peened (HT+ SP) condition. The sample geometry is presented in Figure 3. 
The tests were performed at a stress ration of R = -1 and a frequency of 24 Hz. The samples 
were fixed on the "disk side" (bi-modal microstructure) of the weld. Only the mill annealed 
material, representing the blade material, was deflected to simulate the bending load scenario 
of compressor blades. The sample geometry is characterized by a modified hour glass shape 
with an extended gauge length in the middle of the sample. This modification was used to 
enable the fatigue limiting crack to initiate and propagate either in the weld zone, the heat 
affected zone or in one of the bulk materials. 
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Figure 3: Bending fatigue test sample 

Microhardness profiles (HV 0.1) were measured along the surface and along the weld line. 
The step size between the indentations was 50 µm. 

Results 
A SEM picture of the weld zone is presented in Figure 4. The orbital friction welding process 
leads to a drastic change of the microstructure. The central weld zone (CWZ) in the middle of 
the picture is characterized by a grain fined microstructure that developed due to dynamic 
recrystallization during welding. Next to the CWZ the thermo mechanical affected zone (TMAZ) 
shows severe plastic deformation. A heat affected zone where grain coarsening may have 
occurred cannot be found in the weld. Between CWZ and TMAZ the primary alpha Phase 
dissolved completely. In the TMAZ partially dissolved primary alpha grains are visible. Results 
of the tensile tests of the welded samples are listed in Table 1. 

Figure 4: Microstructure of the weld 

Table 1: Results of the tensile test of the welded and heat treated (640°C/2h/AC) sam­
les 

Sample YS [MPa] UTS [MPa] A [%] E [GPa] Fracture site 

2 955 993 15 108 mill annealed 

Fracture occurred twice in the bi-modal material and once in the mill annealed material out­
side of the weld and heat affected zone. In comparison to the tensile properties of the heat 
treated bulk material (Table 2) the welded samples exhibited higher strength but lower elon­
gation which can be attributed to a strengthened weld zone due to grain boundary hardening 
and plastic deformation. 
Shot peening lead to an increase of the surface roughness from Ra = 0.12 µm to Ra = 1.3 µm 
(N = 3). Results of the bending fatigue tests are presented in Figure 5. The left graph shows 
the influence of PWHT on the fatigue performance of the welds. The AW samples cracked in 
the weld zone, most probably because of tensile residual stresses developed during welding. 
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The applied heat treatment resulted in a shift of the fracture site into the bi-modal parent ma­
terial and the exhibition of a normal shaped S-N curve. Based on this S-N curve a stress am­
plitude was chosen to compare the HT with the HT + SP condition. Three samples of each 
condition were tested at 500 MPa bending stress. The results are shown in the right graph of 
Figure 5. Shot peening increased the fatigue performance of the welds up to 750 %. The 
crack nucleation shifted from the surface (HT) into subsurface regions (HT + SP). 

Table 2: Tensile properties of the bulk materials, mill annealed and duplex in the heat treated 
(640°C/2h/AC) condition 

Sample YS [MPa] UTS [MPa] A [%] E [GPa] 

duplex 897 940 12,5 110 
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Figure 5: Results of the bending fatigue tests (R = -1) 
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The microhardness profiles are presented in Figure 6. The surface hardness (left) increases 
up to 50 HV 0.1. It appears that the weld line (0,0 +/- 200 µm) is less affected by the peening 
process. The bulk hardness measured along the weld line shows that shot peening lead to a 
slight hardness increase through the entire materials thickness of 2mm. 
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Figure 6: Microhardness profiles: Surface hardness (left) and bulk hardness (right) 

Summary 
Following conclusions can be drawn from this study: 

PWHT is necessary to release tensile residual stresses in the weld region, 
Shot peening further increases fatigue life due to increased hardness and subsurface 
crack nucleation at 500 MPa bending stress 
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It is noteworthy that the PWHT may not lead to an entire relaxation of the tensile residual 
stresses which developed during welding. Therefore it is possible that the compressive resid­
ual stresses induced by shot peening superposed the remaining tensile stresses from the weld­
ing process. Additional residual stress measurements are necessary to clarify the interdepend­
ency of SP induced res.idual stresses and stresses that formed during orbital friction welding. 
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