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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Overhead electric transport lines, cables and support systems, experiment complex stress and environment requirements due to 
ice formation and release, wind exposure, temperature fluctuations and corrosion. The burst of any element in the chain brings 
the cables to the floor, cutting the transport of the current with important liabilities. This work reports the rupture of a galvanized 
U-bolt steel stirrup of a 60 kV overhead electric transport line of a Eolic Park in the North of Portugal. This component is subject 
to a complex load system and variable attack angles. Thus, the component is subjected to fatigue, wear, static crush and 
corrosion. The fractured stirrup was manufactured from a hot rolled C1- S235JRC steel rod with Ø 14.5 mm. The final 
component was hot dip galvanised and centrifuged according standard ISO1461. Fracture surface and multiple cross section 
microscopy and chemical analysis of the fractured stirrup as well as of new unused stirrups was carried out to identify the rupture 
mechanisms responsible for the collapse of the structure. Residual resistance of the broken stirrup was evaluated via dedicated 
designed tensile testing. The original steel has a wide number of big inclusions, same over 400 m long, developed parallel to the 
axis of the rod. These inclusions intercept the surface of the rod, inducing surface indentations and cracking of the galvanised 
coating. Also a considerable number of pronounced notches are observed at the steel surface, at the steel/zinc coating interface. 
The fracture surface displays two symmetrical glossy burnish areas, characteristic of the fatigue processes, separated by a central 
ductile central zone. In the fractured component several cracks due to inclusions are observed intercepting the fracture surface. 
Zinc and Oxygen were identified of all over the fatigue grown crack surface indicating that hydrolysis of the coating took place 
with continuous wet transport to the cracked surface with precipitation and oxidation. 
The analysis carried out allows concluding that the failure of the component took place by fatigue.  Fracture was initiated at the 
1st/2nd thread of the component, close to the screw joint. The variable load acted perpendicularly to the plane of symmetry of the 
component. Corrosion took place simultaneously with fatigue crack propagation speeding the failure process. The inclusions 
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present in the steel, mainly those that intercept the component surface, as well as the surface notches due to hot rolling, enhanced 
the disclosure of the fatigue process leading to premature failure of the component. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
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1. Introduction 

Nomenclature 

tcs transversal cross section 
lcs longitudinal cross section  
BS Backscattered Electrons  
EDS Energy-dispersive X-ray spectroscopy 
Etch Etched with Nital 3% 
FS Fracture Surface 
GC Galvanized coating of the U-bolt stirrup 
I Steel/galvanized coating or oxide layer interface 
OM Optical Microscopy 
S Steel/burnish oxide layer interface at the fatigue fracture surface 
S-Fr Fractured U-bolt stirrup 
S-Nw New unused U-bolt stirrup 
SE Secondary Electrons 
SEM Scanning Electron Microscopy 

 
Overhead electric transport lines, cables and support systems, experiment complex stress and environment 

requirements due to ice formation and release, wind exposure, temperature fluctuations and corrosion. The burst of 
any element in the chain brings the cables to the floor, cutting the transport of the current with important liabilities. 
Particular severe mechanical conditions develop in cold winter blizzard weather. Thick ice formation is probable 
during unload line periods when the cables are cold. High speed winds acting on a thickened cable induce 
considerable overloads on cable and support systems [Kiessling et al. (2003)]. 

This work reports the rupture of a galvanized steel U-bolt stirrup (Fig. 1a and b) of a 60 kV overhead electric 
transport line of an eolic park located in the interior North of Portugal where severe weather conditions can develop 
regularly. The rupture of the stirrup brought the line to the floor (Fig. 1c), cutting the transport of the current. This 
stirrup is a component of a line support system widely used in Portugal, particularly in Eolic Parks. The support 
system is composed (fig. 1d) by the U-bolt stirrup, a lifting eye and a ball socket. The ruptured component is subject 
to a complex load system and variable attack angles. Thus, the component is subjected to fatigue, wear, static crush 
and corrosion. 

The fractured U-bolt stirrup was manufactured from a hot rolled C1-S235JRC (DIN St37-2K) steel rod with Ø 
14.5 mm. Shaping was carried out by cold thread-rolling, cold bending, and deburring of the interior surface of the 
bent segment to remove surface kinks. The final component was hot dip galvanised and centrifuged according 
standard ISO1461.  

2. Methodology 

Fracture surface and multiple cross section microscopy, both optical (Olympus PMG3 optical microscope) and 
electronic (analytical SEM, Hitachi S2400), as well as EDS chemical analysis (Bruker Quantax with light elements 
detector) of both fractured U-bolt stirrup and new unused U-bolt stirrups was carried out to identify the rupture 
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Fig. 1. (a) original U-bolt stirrup; (b) fractured U-bolt stirrup; (c) overhead line on the ground floor after stirrup rupture; (d) support system 
composed by U-bolt stirrup (1), lifting eye (2) and ball socket (3). 

mechanisms responsible for the collapse of the structure. Cross sections were polished and some etched with Nital 
3%. Residual resistance of the broken U-bolt stirrup and was evaluated via dedicated designed tensile testing 
(Instron 250 kN tensile testing machine) and compared with the original steel component specification. The load 
capability of the support system using S-Nw was also tested. 

Fig. 2a shows the zones of the S-Nw where samples were collected for analysis of the original steel quality, of the 
galvanized coating as well as changes induced by the manufacturing process. Two zones were chosen: one to study 
the transversal cross section, S-Nw/tcs, and another to study the longitudinal cross section, S-Nw/lcs. Fig. 2b shows 
the method used to collect the samples to study the fracture process of the S-Fr. Two samples were collected: one of 
the fracture surface, S-Fr/FS, and another to study its cross section, S-Fr/FS/cs. The chosen cross section is 
longitudinal to the original stirrup bar and contains the direction of the overhead cable (considered perpendicular to 
   

 

Fig. 2. Zones and method of sample collection for the metallographic analysis. (a) S-Nw. Transversal cross section, tcs. Longitudinal cross 
section, lcs; (b) S-Fr. Fracture surface, FS. Fracture surface cross section, FS/cs. Red lines i, ii and iii define the cutting planes. 
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the plane defined by the stirrup). A precision sectioning cutter (Buehler IsoMet 1000) was use to cut through the 
fracture surface to minimize its damage. 

3. Results and discussion 

S-Nw samples were used to study the inclusion content, the steel surface condition before galvanizing, and the hot 
dip galvanized coating. S-FS samples were used to identify the fracture mechanisms responsible for the collapse of 
the structure and the interaction between the crack propagation path and the U-bolt stirrup microstructure. 

3.1. New unused U-bolt stirrup, S-Nw: inclusion analysis 

Fig. 3a and b shows examples of warms of massive inclusions present in the same tcs of the steel. These 
inclusions are mostly Silicon-Iron oxides (Fig. 3c). Hot rolling deforms and aligns the inclusions in the longitudinal 
direction producing extra-long, sometimes above 1mm, chain inclusions (Fig 4a and b). 

Inclusion warms are in fact cross sections of a bundle of chain inclusion. Besides, inclusions intercept or open at 
the bar surface acting as stress intensity factors and crack initiators, repeatedly inducing crack development at the 
galvanized coating (Fig. 4c). These cracks induce coating degradation, enhancing corrosion and stress corrosion 
cracking [Reumonta (2001)]. 

 

 

Fig. 3. S-Nw/tcs – warms of massive inclusions present in steel tcs. (a) OM etch; (b) SEM-BS; (c) Typical EDS spectrum of inclusions (spectrum 
from inclusion arrowed in (b)). 

 

Fig. 4. (a-b) S-Nw/lcs – chain inclusions present in steel lcs (OM etch): (a) fragmented chain inclusion; (b) extra-long hot rolled inclusion; (c) S-
Nw/tcs - chain inclusions (orange arrows) intersecting and inducing opening and cracks at the surface below  the galvanising coating (blue 
circles). These, in turn, induce cracks in the galvanized coating (yellow arrows) (SEM – BS). 
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3.2. New unused U-bolt stirrup, S-Nw: steel surface before coating, and galvanized coating 

The steel surface, in this case only visible as the steel/galvanized coating interface, I, shows profuse irregularities 
(Fig. 5a, b and c) developed during the hot rolling and production process. Particularly sharp irregularities, more 
common in tcs, induce cracking of the galvanized coating. 

The hot dip galvanized coating, GC, shows the ζ and δ layers. The γ layer adjacent to the steel surface, normally 
very thin, could not be identified. Neither could be the outer η layer, corresponding to nearly pure Zinc [Marder 
(2000)], probably due to the centrifugation of the U-bolt stirrups after dipping (Fig. 5d). The GC presents multiple 
transversal cracks, mostly due to notches, cuts and cracks at I (Fig. 4c and 5).  The coating also shows extensive 
longitudinal cracks that developed at the ζ/δ and δ/γ-steel interfaces (Fig. 6). These cracks induce the development 
of stress corrosion cracking mechanisms when the U-bolt stirrup is subjected to fatigue and corrosion. 

 

 

Fig. 5. (a-b) (OM); (c) (OM etch). S-Nw/tcs showing examples of steel surfaces notches, cracks and irregularities intercepting I (blue arrows). 
The most pronounced induce cracks in the GC (yellow arrows) (more visible on non-etched samples); (d) Structure of the centrifuged hot dip 
galvanized coating showing the ζ and δ phase layers and induced cracks (yellow arrow) (SEM – BS). 

 

Fig. 6. Longitudinal cracks (yellow arrows) of the GC (OM). (a) S-Nw/lcs: crack ate the δ/γ layer/steel interface; (b) S-Nw/tcs: crack at the δ layer 
and at the δ/γ layer/steel interface. 

3.3. Fractured U-bolt stirrup fracture surface macrography, S-Fr/FS 

Visual and macrographic observation of the fractured U-bolt stirrup and of the respective SF shows that crack 
propagation took place perpendicularly to the component axis, from the 1st and 2nd threads, immediately below the 
fixation nut (Fig. 7a). The U-bolt stirrup/lifting eye contact area displays heavy plastic deformation indicating that 
strong loads have developed in service (Fig. 7b). Two symmetric glossy burnish zones are visible on each side of the 
SF. Faint look like beach marks on the burnish zones are aligned perpendicularly to the lifting eye symmetry plane 
(Fig. 7c). An irregular central zone sweeps across the whole SF showing a typical orange coloration of iron oxides. 
This oxidation developed after the rupture of the component. 
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Fig. 7. Macrography of the SF: (a) detail showing the relative position of the fixing nut and SF; (b) symmetric burnish zones (1), irregular plastic 
oxidized central rupture zone (2) and  U-bolt stirrup/lifting eye contact area (3); (c) detail showing the alignment of beach marks (4) and of the 
central ductile zone with the symmetry plane of the component. 

The FS overall morphology, characterized by two symmetrical burnish zones and a reduced central plastic 
rupture zone, suggests the preponderance of a fatigue process in the failure mechanism. The existence of two 
propagating cracks endorses ease crack activation and nucleation. Moreover the alignment of the FS burnish marks 
perpendicular to the suspension axis and the geometry of its ductile zone further suggest that a substantial variable 
bending moment acted on the system inducing fatigue crack growth. 

3.4. Fractured U-bolt stirrup, S-Fr: detailed study 

The detailed analysis of the S-Fr/FS and S-Fr/FS/cs allows to further characterize and understand the failure 
mechanism of the U-bolt stirrup. 

The irregular central FS orange zone is a ductile rupture. Despite its oxidation state it is possible to identify the 
characteristic dimpled morphology (Fig. 8a). Extensive unidirectional plastic deformation leads to grain shape 
elongation in the tensile direction. That is remarkable visible in the FS/cs adjacent to the ductile rupture area  
  

 

Fig. 8. (a) S-Fr/SF: ductile central irregular zone. The circles highlight zones where the dimpled morphology is more clear (SEM – SE).  (b) S-
Fr/SF/cs: ductile central irregular zone: incomplete fatigue path and ductile zone (SEM – ES). (b.i) general view; (b.ii) detail with no visible 
plastic deformation corresponding to an incomplete fatigue crack propagation zone. Grains remain equiaxed (red hexagons) and fracture surface 
runs across the grains; (b.iii) low cycle fatigue regime corresponding to the final stages of the fatigue crack propagation evidencing microcracks 
normal to FS due to inclusions (blue arrows); (b.iv) Plastic zone of the ductile rupture: grains elongated in the tensile direction (red arrows), 
cavitation at grain boundaries (green arrows) and inside the grains, associated (yellow arrows) or not (orange arrows) to the presence of 
inclusions. 
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Fig. 9. Burnish zone, not peripheral (SEM – SE). (a-c) S-Fr/SF; (a) the SF burnish zone displays plane burnish zones (A) due to the burnish effect 
of fatigue and irregular disaggregated zones (B) due to corrosion; (b) EDS spectrum of the blue square zone marked in (a) indicating significate 
peaks for Fe, Zn and O; (c) detail of the disaggregated zone marked (B) in (a) showing typical filiform Zinc oxide formations (C); (d-e) S-
Fr/SF/C – S represents the steel/burnish oxide interface and shows an irregular dentate morphology (yellow arrows) due to corrosion; (d) 
disaggregated (A1) area; (e) detail of a compact area burnish against S. 

(Fig. 8b.iv). In contrast, in the FS/cs adjacent to the planar zones no elongation took place (Fig. 8b.ii) and a strong 
interaction between propagating cracks and normal cracks due to inclusions takes place (Fig.8b.iii).  In the FS/cs 
adjacent to the ductile rupture zone extensive cavitation is also visible inside the grains and at the grain boundaries, 
associated or not with inclusions (Fig. 8b.iv). 

The burnish zone displays compact planar and disaggregated zones (Fig. 9a). Both zones, even if not peripheral, 
are covered with a layer of Zinc and Iron oxides (Fig. 9b) due to active corrosion and liquid transport of Zn from GS 
to the fracture surface with precipitation of Zn hydroxide and Zinc oxide formation as shown by the filiform 
formations observed (Fig. 9c) [Kolodziejczak-Radzimska (2014)]. In the FS-cs (Fig. 9d) it is possible to identify the 
position of the new steel surface, S, and its irregular dentate morphology due to corrosion and cavitation. It also 
possible to observe the formation mechanism of the planar burnish surface: corrosion debris is burnished against the 
irregular corroded fatigue fracture surface S producing compact (Fig. 9e) or disaggregated (Fig. 9d) zones. 

In the steel, with or without direct communication to S, extensive transgranular microcracks develop. These 
cracks are typically perpendicular to the FS due to the alignment of the inclusions with the rolling direction (Fig. 10 
a). Coarser and irregular cracks develop at the FS (Fig. 10 b) due to strong interaction between fatigue crack growth 
and corrosion mechanisms. These two types of cracks connect to form extensive cracks allowing direct 
communication to the corrosion environment degrading the overall resistance of the component. Fig.10c shows the 
peripheral zone of the FS indicating a possible starting fatigue crack zone. 
 

 

Fig. 10. S-Ft/FS (SEM - SE). (a) Thin elongated cracks inclusions; (b) irregular coarse cracks perpendicular to FS due to intergranular (yellow 
arrows) or transgranular (blue arrows) developed by stress corrosion cracking. These cracks connect to cracks due to inclusions (red arrow) 
producing very long thin cracks that intercept the FS; (c) burnish peripheral SF zone: zone 1- GC showing a longitudinal crack (green arrow) 
between the ζ (1A) and δ (1B) layers. Zone 2- highly plastic deformed zone due to cold thread rolling cold. Zone 3- SF/cs burnish zone. 4- 45º 
segment of the FS (white arrow), possibly the starting fatigue crack zone. 
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3.5. Tensile tests of S-Nw and S-Fr 

Special designed grips were designed to carry out tensile tests of samples extracted from the straight threaded 
segments of the S-Fr. Results showed that the values obtained for the yield stress, the ultimate tensile stress and 
uniform elongation were above the values specified for the steel. Tensile tests were also carried out for the complete 
support system composed by S-Nw, lifting eye and ball socket. The tensile rupture load obtained is also above the 
specification for the component. 

Thus, besides the poor quality of the steel used in the production of the U-bolt stirrup, and the exposure to service 
life equal to the S-Fr, the static load capability of the component and steel were not compromised. 

4. Conclusions 

The original steel has a wide number of big inclusions, same over 400 m long, developed parallel to the axis of 
the rod, in the hot rolling direction. These inclusions intercept the surface of the rod. Besides, a number of notches, 
kinks and irregularities are present at the steel surface. These cracks and surface irregularities induce surface 
indentations and cracking of the galvanised coating. Before service the U-bolt stirrup has already a high number of 
superficial notches and cracks that favour crack initiation and degrade corrosion resistance. However these defects 
do not compromise the static load capability of the U-bolt stirrup. 

The component was exposed to a harsh environment over the years due to the combined effect of fatigue load and 
corrosion. Fatigue is mainly due to accumulation and release of ice on the overhead cable and wind acting on the ice 
thickened cable. Corrosion acted mainly on the nut, washer, U-bolt stirrup thread zone where water accumulation is 
more likely to endure. 

The analysis of the S-Ft/FS allowed the identification of Zn and O all over the crack path confirming that 
hydrolysis of the GC took place. Then wet transport to the inner zone of the crack, closer to the crack tip, followed 
with precipitation and formation of Zinc Oxide. The S-Ft/FS and S-Ft/FS/cs evidences the presence of two burnish 
zones separated by a central ductile facture zone allowing concluding that the failure of the component took place by 
fatigue. Fracture was initiated at the 1st/2nd thread of the component, close to the screw joint. The variable load acted 
perpendicularly to the plane of symmetry of the component. Corrosion took place simultaneously with fatigue crack 
propagation speeding the failure process. The inclusions present in the steel, mainly those that intercept the 
component surface, as well as the surface notches due to hot rolling, enhanced the disclosure of the fatigue process 
leading to premature failure of the component. 
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