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Abstract 

 

Additive Manufacturing (AM) is a promising manufacturing technology, allowing the 

production of complex shaped components with integrated functionalities. Despite the 

large interest of the industry, the current applicability of this novel technology remains 

very limited because of the inconsistent material properties obtained. The Vrije 

Universiteit Brussel therefore developed a dedicated structural health monitoring 

(SHM) principle, specifically suitable for the monitoring of fatigue cracks in AM 

material.  The principle requires the integration of a capillary and its surface finish is 

found critical for the non-disturbance of the embedded structural health monitoring 

system. The use of a hybrid additive-subtractive manufacturing approach allows 

integrating capillaries with improved surface quality as compared to the reference 

capillaries produced using AM technologies only.  The current work investigates the 

effect of the use of hybrid additive-subtractive manufacturing technologies for the 

production of the integrated capillaries on the fatigue initiation location.  

 

1. Introduction 
 

Additive Manufacturing (AM) is considered a very promising new manufacturing 

approach. Enabling the manufacturing of lightweight complex shaped components 

while additionally adding value by integrating features inside the component. AM 

technologies have gained the interest of many industries. The applications of AM in the 

industry remain limited, especially when considering safety critical applications. The 

current lack of consistency of the additively manufactured material remains a critical 

issue for the wide adoption of AM in the industry.  

 
The Vrije Universiteit Brussel developed a Structural Health Monitoring (SHM) 

technique, capable of monitoring the structural integrity of AM material. De Baere et al. 

presented the concept of the effective Structural Health Monitoring (eSHM) system [1].  

During the production process, capillaries are integrated inside the component at 

locations where fatigue cracks are expected to grow. The capillaries are pressurized at a 

pressure different than the ambient conditions (e.g. vacuum pressure) and the pressure is 

continuously monitored during the usage of the component. A propagating fatigue crack 

breaches through the capillary which results in a leak flow through the fatigue crack, 

altering the pressure inside the capillary. A fatigue crack is detected when the capillary 

pressure exceeds a pre-set limit. Figure 1 presents the pressure behaviour inside the 

capillary when subjected to a four point bending fatigue test. 
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Figure 1: Pressure behaviour during the last cycles of a four-point bending fatigue test. 

 

 

Strantza et al. presented the first proof-of-concept of the eSHM system by successfully 

integrating capillaries using both laser based Powder Bed Fusion (PBF) and laser based 

Directed Energy Deposition (DED) technologies and detecting the fatigue cracks in all 

four point bending fatigue test specimens. Back in 2014, the eSHM system reached 

TRL level 3 [2,3]. Considering the specimens produced by the laser based PBF process, 

crack nucleation sites developed due to near-surface defects such as concentrated pores 

or lack-of-fusion regions. The presence of the capillary did not alter the fatigue 

initiation location. This work of Strantza et al. [4] indicated the importance of the 

material imperfections and residual stresses on the fatigue life of a component produced 

by laser based PBF and showed the applicability of the eSHM system.  

 

Similarly, also specimens with an integrated eSHM system were produced using the 

laser based DED process. Fatigue initiation occurred at the capillary surface. Strantza et 

al. [5,6] concluded that the capillary surface roughness was the most influencing 

parameter for fatigue initiation and more investigations on the capillary surface 

roughness and finishing methods should be conducted.  

 

The work of Hinderdael et al  [7]. confirmed the importance of the surface roughness of 

the capillaries produced by the laser based DED process. This geometrically less 

accurate production process resulted in capillary surface roughness of Ra ~14 µm and   

Rt ~70µm. The resulting stress concentrations at the capillary surface led to fatigue 

initiation at the capillary surface. The same work proposed the production of capillaries 

using a hybrid additive-subtractive manufacturing approach in which, layer by layer, the 

capillary would be drilled inside the additively manufactured material. As such, the 
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capillary surface roughness would significantly be improved while not limiting the 

design freedom enabled by additive manufacturing.  

 

The current work therefore focuses on the production of additively manufactured 

specimens with integrated capillaries that were produced using a hybrid manufacturing 

approach. In this first step towards an integrated solution, straight capillaries are drilled 

inside AM material to investigate the non-disturbance of the capillary of the eSHM 

when the capillary surface finish is significantly improved by the use of a drilling 

operation.  

 

2. Materials and processes 

 
Four-point bending fatigue test specimens were produced using the laser based Directed 

Energy Deposition process (DED), also well-known under the commercial names of 

laser cladding or Laser Metal Deposition. The specimens were produced using a 7kW 

IPG YLS-7000-S2 fibre laser (IPG Photonics, Oxford, MA, USA). The process 

parameters are summarized in Table 1. 

 

Table 1: Process parameters of the laser based DED process. 

 

Laser 

Power 

Scan speed 

 

Scan 

spacing 

Layer 

thickness 

Powder 

flow 

Transport 

gas 

[W] [mm/min] [mm] [µm] [g/min] [l/min] 

500 1000 0.3 500 2.96 6-8 

 

The specimens were built at a constant laser power of 500 W while the nozzle was 

moving at a linear scan speed of 1000 mm/min. The layer thickness was 500 µm. The 

powder was transporter through a continuous coaxial nozzle (Fraunhofer – Institüt für 

Lasertechnik, Munich, Germany) using argon as transport and shielding gas. The 

transport gas flow rate varied between 6-8 l/min blowing 2.96 g/min Ti-6Al-4V 

particles into the melt pool. Specimens were built on Ti-6Al-4V flat plates with a 

thickness of 18 mm. The build direction was vertical and in the length direction (Z axis 

in Figure 2) of the beams. The scanning direction of successive layers was rotated by an 

angle of 90°. In one layer, the contours were first scanned before a bidirectional 

scanning pattern with a scan offset of 0.3 mm was applied.  

 

Being printed with a little oversize, rectangular beams of 110mm x 20 mm x 12 mm 

were milled out of the additively manufactured block of material. Specimens were not 

heat treated, but tested under as-built conditions. The first set of reference specimens 

(Specimen 1 and Specimen 2) have a capillary that was integrated using the AM 

process, while the capillary in the second set of specimens (Specimen 3 and Specimen 

4)  was added using a deep gun drilling process. The capillary diameter ‘D’ was 2 mm 

and was placed at a distance ‘a’ of 2 mm from both the bottom and side surface of the 

beam. The geometry of the tested four-point bending test specimens is depicted in 

Figure 2. 
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Figure 2: Geometry of four-point bending fatigue test specimens with integrated 

capillaries 

 
The test specimens were placed in a four-point bending fatigue test setup. The locations 

of the rollers are also displayed in Figure 2. The capillary was positioned in the tensile 

stressed region of the four-point bending fatigue test setup. As such, the eSHM will 

detect the growing fatigue cracks earlier. The specimens were subjected to the step 

method, a method suitable for the determination of the fatigue strength of Ti-6Al-4V 

specimens [8-10]. Using this method, the test specimens are initially loaded at a stress 

level below the fatigue limit. The specimen is then subjected to a number of cycles, 

considered large enough such that successful completion of the step allows concluding 

that fatigue initiation will not occur at this load level (i.e. run-out). The stress level is 

then increased and the specimen is again subjected to the same amount of cycles. This 

procedure is repeated until failure occurs. In this particular case, run-out was considered 

after 500,000 cycles. The fatigue tests were conducted using a stress ratio of R=0.1 and 

a testing frequency of 15Hz. The initial stress levels for the difference specimens varied 

and are depicted in Tables 2 and 3. Fractographic analysis was then conducted to 

retrieve the fatigue initiation location.  

 

3. Results 

 
3.1 Reference AM specimens with printed capillary  

 
The reference specimens were entirely produced using the laser based DED process. 

The capillary was integrated by not scanning the cross-sectional area corresponding to 

the capillary.  In each layer, the contour of the specimen and the capillary was first 

scanned before filling the cross section of the test specimen.  

 

Table 2: Fatigue test results of the reference AM specimens with printed capillary 

 

 Initial 

stress 

Stress at 

failure 

Cycles in 

failure step 

Fatigue initiation location 

 [MPa] [MPa] [MPa]  

Specimen 1 266 584 254,958 Capillary 

Specimen 2 420 662 296,025 Capillary 
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The fatigue test results are depicted in Table 2. Fatigue failure occurred at load levels of 

584 MPa (after 4 steps for Specimen 1) and 662 MPa (after 5 steps for Specimen 2). 

This fatigue strength is significantly below the expected fatigue strength of conventional 

Ti-6Al-4V (820 MPa) [7]. Fatigue initiation occurred at the capillary surface. The 

capillary surface roughness resulted in stress concentration that led to fatigue initiation. 

Figure 2 present the SEM images of the fracture surface of Specimen 1, indicating the 

fatigue initiation location at the capillary surface.  

 

 
Figure 2: Fracture surface and fatigue initiation location of Specimen 1 

 

 

3.2 Hybrid specimens with drilled capillary 

 

The hybrid specimens were produced differently. First the laser based DED process was 

used to produce rectangular beams without capillary, after which, using a deep gun 

drilling operation, capillaries were added. Using this method, the capillary surface 

roughness is greatly reduced to values corresponding to a drilling operation (Ra = 0.6µm 

and Rt = 10 µm).  

 

Table 3: Fatigue test results of the hybrid AM specimens with drilled capillary 

 

 Initial 

stress 

Stress at 

failure 

Cycles in 

failure step 

Fatigue initiation location 

 [MPa] [MPa] [MPa]  

Specimen 3 432 432 155,183 Material imperfection 

Specimen 4 432 432 301,243 Material imperfection 

 
The fatigue test results are depicted in Table 3. In both specimens, fatigue failure 

occurred already in the first step at a load level of 432 MPa. This time, fatigue initiation 

was not caused by stress concentrations on the capillary surface, but due to severe 

material imperfections related to the laser based DED process. Figures 3 and 4 present 

the fracture surface of Specimens 3 and 4 respectively. Both specimens failed due to the 

presence of a gas inclusion inside the AM material. The gas inclusion of Specimen 3 

measures 388.9 µm by 249.7 µm in, while the gas inclusion in Specimen 4 had a size of 

144.1 µm by 190.6 µm. The presence of these severe material imperfections resulted in 

a lower fatigue strength. The presence of these remaining material imperfections clearly 

shows the current need for a monitoring strategy, such as the eSHM system. The 

presence of the drilled capillary inside the AM material did not alter the fatigue 
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initiation, as was the case with the printed capillaries. The approach of using a hybrid 

additive-subtractive manufacturing approach is found promising. 

 

 
Figure 3: Fracture surface and fatigue initiation location of Specimen 3 

 

 
Figure 4: Fracture surface and fatigue initiation location of Specimen 4 

 

 

4. Conclusions 

 
The presented effective Structural Health Monitoring (eSHM) system allows the 

monitoring of fatigue cracks inside an AM component. Capillaries are integrated inside 

the component to be inspected and are pressurized. The pressure inside the capillary 

alters when a fatigue crack breaches through the capillary. The integration of the 

capillary inside the component may not influence the fatigue initiation location. A new 

hybrid additive-subtractive manufacturing approach was presented to reduce the surface 

roughness of the capillary as compared to the capillary surface finish obtained when 

produced using the AM process only. Using the new methodology, fatigue initiation did 

not occur at the capillary, proving the non-disturbance of the capillary of the eSHM 

system. The fatigue strength of these specimens was limited by the presence of large gas 

inclusions. The presence of such large material imperfections is a clear indication that 

there is a need for a monitoring strategy of additively manufactured components.  
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