
ScienceDirect

Available online at www.sciencedirect.com

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  

XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 

Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 

P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal  

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 

Fatigue strength of welded joints is controlled above all by notch defects such as weld toe and weld root that act as stress 
concentrators. This is the reason why over the last years different post-weld fatigue improvement techniques have been developed 
with the main propose of reducing geometrical discontinuities. Among these, TIG-dressing is the most used because of its simplicity 
and effectiveness in lowering the residual stress concentration. By this process the weld toe is re-melted to provide a smoother 
transition between the plate and the weld crown and to beneficially modify the residual stress redistribution. However, because of 
the intrinsic difficulty to numerically simulate the TIG-dressing process due to the high coupling between fluid and mechanical 
analysis, the effects of a weld toe remelting in terms of residual stress redistribution is hardly quantified in literature. The present 
paper is aimed to analyse the influence of TIG-dressing process on metallurgical and mechanical properties of a steel T-joint. 
Finally, a numerical model, recently published in literature, was used to quantified the residual stress redistribution. 
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1. Introduction 

It is recognised that fatigue strength of welded joints doesn’t increase with the increase of their parent-metal static 
strength. The low fatigue strength of welded joints is due to different reasons, the most important of which is the stress 
concentration at the weld toe or weld root.  For this reason, some techniques, aimed to improve the fatigue strength of 
welded joints, were developed [Kirkhope et al., (1999)]. They act mainly on two aspects: 1) the geometrical variation 
of the weld bead and 2) the reduction of the stress concentration factors. Among these techniques, the TIG-dressing 
is probably the most used and consists in the re-melting of the weld toe by means of the TIG heat source (without 
filler metal) [Haagensen et al., (2001); van Es et al., (2013)]. Such operation promotes a smoother transition between 
the plate and the weld crown and thus a reduction of the stress concentration factor as well as a residual stress 
redistribution. Unfortunately, even if numerical models of welding and TIG-dressing processes were developed in the 
last years [Ferro et al. (2005); Ferro et al. (2006); Akbari and Miresmaeili, (2008); Das and Cleary, (2016); 
Vemanaboina et al. (2014); Hildebrand et al. (2006); Ferro et al., (2010)], it is very hard to quantify such effects by 
numerical simulations because they are still highly time and cost expensive. In particular, the numerical simulation of 
TIG-dressing process is particularly complex because it requires a high coupling between thermo-metallurgical-fluid 
analysis and mechanical analysis. The weld bead geometrical variation induced by re-melting is influenced by the 
weldment distortions during TIG-dressing and vice-versa. For this reason, it was recently published in literature a 
numerical model of the TIG-dressing process that simplifies a lot the computation by using the activation-deactivation 
function of elements [Ferro et al., (2017)]. In this way, it is possible to avoid the fluid analysis, but the weld toe 
geometrical variation has to be ‘a priori’ known by means of welding and TIG-dressing trials. Such model is applied 
in this work to a real weldment and the results in terms of metallurgical and mechanical properties are compared and 
discussed 

2. Materials, Geometry and Experiments 

The steel weldment analysed consists of two plates, 12 mm thick, joined together by means of two plates, 6 mm 
thick, fillet welded (Fig. 1). 
 

 
Fig. 1. Investigated Weldment  

 
The chemical analysis coming from the average values of quantometer measurements is summarized in Tab. 1. 
  
 

Table 1. Chemical composition of the plates (wt%) 
 
 Fe C Si Mn P S Ni Al Cu
Parent Metal (plates 12 mm thick) Bal. 0,1223 0,0101 1,3467 0,0168 0,0161 0,0253 0,0378 0,0502
Parent Metal (plates 6 mm thick) Bal. 0,0756 0,0128 1,1575 0,0143 0,0073 0,0056 0,0285 0,0087

Fusion Zone Bal. 0,0892 0,4453 1,3800 0,0186 0,0142 0,0181 0,0083 0,0549

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2018.06.012&domain=pdf
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Some samples were cut from the weldment for the metallographic analysis carried out by means of optical microscope 
(OM) and Environmental Scanning Electron Microscope (ESEM). Finally, Vickers micro-hardness profiles were also 
obtained as support to the microstructure interpretation. Unfortunately, no information was available about welding 
parameters.  

3. Numerical Model 

The geometry of the numerical model and the reference system used to plot the residual stress field of the final 
joint, according to the blunt V-Notch theory, are shown in Fig. 2. 

 

 
Fig. 2. Schematic of the modelled geometry (mm) 

 

 
 

Fig. 3. Mesh of the model. Number of elements: 5436. The edge of the smallest element in the singularity zone has a dimension of 5*10-4 mm. 
 

The weld toe was modelled with a V-notch angle (2) equal to 135° [Ferro et al., (2006)]. The toe-radius () is equal 
to 0 mm in the as-welded condition and 6.7 mm after TIG-dressing treatment. This last value was obtained by 
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averaging the measurements carried out on real samples. Fig. 3 shows the mesh with the groups of elements used to 
simulate the geometry variation induced by welding.  In particular, the orange elements groups represent the beads 
that are activated during welding simulation while the green elements groups are activated during the TIG-dressing 
FE analysis in order to simulate the smoothing effect induced by the process.  It is noted that a high-density mesh is 
used near the weld toe in order to capture the residual stress singularity induced by welding. The different welding 
and TIG-dressing operations were sequentially performed according to Fig. 4. Thermo-metallurgical and mechanical 
properties of both filler and parent metals were taken from Sysweld data-base). Filler and parent metals alloys were 
chosen according to chemical compositions reported in Tab. 1.  

 

 
 

Fig. 4. Welding and TIG-dressing operations sequence. 
 
In including metallurgical effects in the present analysis the following microstructural constituents were considered: 
martensite, bainite, ferrite-pearlite, tempered martensite, tempered bainite and austenite. They were modelled by 
means of the Leblond-Devaux [Leblond and Devaux, (1984)] and Koistinen-Marburger [Koistinen and Marburger, 
(1959)] equations according to their diffusional or non-diffusional feature. The simplifying assumptions were made 
that tempered bainite has the same properties as ferrite and that tempered martensite is similar in properties to bainite.  
The heat source was modelled using a double ellipsoid power density distribution function given by Goldak et al. 
[Goldak et al., 1984] (Eq. 1) that has been used previously in published literature for arc welding simulation [Ferro et 
al., 2010]. 
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The meaning of the symbols in Eq. (1) and their values are summarized in Tables 2 and 3. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 - Goldak’s source parameters. * indicates that the value used depends on the process (see Table 
3).  The high value of  for TIG-dressing includes the time necessary for the weld to cool to room 
temperature after welding 
 

Q* Power Input[W] * 


Efficiency 

0.64 

Q Absorbed power [W], with Q=Q* - 
a 

Molten pool dimensions [mm] 

* 
b * 
c1 2.3 
c2 7.9 
f1 Constants for the energy distribution of the heat flux 0.6 
f2 1.4 
v Welding speed [mms-1] 

TIG-dressing speed[mms-1] 
2 

 3   

 Total duration of time before the welding source has traversed the transverse 
cross section of the plate [s] * 
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Table 3 – Heat source parameters given as a function of the weld process. 
  

Q* [W] a [mm] b [mm]  [s] 
TIG welding 1 4500 8 11 5 
TIG welding 2 4500 8 11 3005 
TIG-dressing 1 960 6 3 6005 
TIG-dressing 2 960 6 3 7065 
TIG-dressing 3 960 6 3 8125 
TIG-dressing 4 960 6 3 9185 

 
 
The molten-remolten effect was simulated by incorporating a function that clears the history of an element once the 
temperature exceeds the melting temperature, which was taken as 1500°C. Radiative heat loss (using the Stephan-
Boltzmann law) and convective heat loss (using a convective heat transfer coefficient equal to 25 W/m2K) were 
applied at the boundary (external surfaces) of the plates to be joined. In the mechanical computation the weldment 
was considered isostatically clamped. Finally, a sequentially coupled thermo-metallurgical and mechanical analysis 
was performed by using the numerical code Sysweld®.  
 

4. Results and discussion 

Fig. 5 shows the temperature distribution at the point when the fusion zone has its maximum width with the fusion 
zone (FZ) being shown in red. It also shows the macrograph of the joint cross section after TIG-dressing (Fig. 5c). 
The proportional distributions of phases after cooling with a comparison with experimental results are shown in Fig. 
6. According to numerical simulation, each FZ is characterised by a mixture of allotriomorphic and Widmanstatten 
ferrite probably due a combination between the low carbon content (Tab. 1) and the cooling rate in that zone. The 
heat-affected zone (HAZ) is instead characterized by bainite (about 50%) and tempered bainite (about 50%). SEM 
micrograph (Fig.6) and micro-hardness measurements (not reported in this work) confirm the obtained numerical 
results. 

 

 
 

Fig. 5. FZ shape induced during a) TIG welding and b) TIG-dressing, respectively, and c) macrograph of the joint after TIG-dressing operations. 
 

Even if a 2D model is not able to correctly capture the residual stress distribution in the welded joint, a qualitative 
estimation may be useful to understand the effect of TIG-dressing on the residual stress redistribution. Fig. 7 shows 
the tensile asymptotic distribution of the residual stress ( component) in the as-welded joint. As described in 
literature [Ferro et al., (2006); Ferro and Petrone, (2009); Ferro, (2014)], if the weld toe is modelled as a sharp V-
notch angle, the residual stress field is singular and follows the Williams’s solution [Williams, (1952)].  
After TIG-dressing, the residual stress near the weld toe redistributes becoming compressive with a huge reduction of 
its local concentration (Fig. 8). Such effects are in agreement with the improved fatigue strength observed in welded 
joints subjected to TIG-dressing. 
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Fig. 6. Phase proportion after TIG-dressing: comparison between experimental and numerical results 
 

 
Fig. 7. Stress distribution near the weld toe of the as-welded joint 

 
5. Conclusions 
 

A carbon steel waldment subjected to TIG-dressing was studied by means of experimental and numerical analyses. 
The TIG-dressing process modified the geometry of the weld toe providing a smoother transition between the plate 
and the weld crown. Numerical and experimental results were found in good agreement. In particular, allotriomorphic 
and Witmanstatten ferrite were found in the FZ while bainite and tempered bainite in the HAZ. As expected, the re-
melting of the weld toe promoted a beneficial residual stress re-distribution with a huge reduction of the concentration 
factor and an inversion of its sign, from positive to negative. The simplified numerical model proposed and based on 
the activation/deactivation of elements instead of fluid analysis, may be useful to rapidly estimate the effects of 
welding and TIG-dressing operations sequence on the residual stress distribution of the joint. 
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Table 3 – Heat source parameters given as a function of the weld process. 
  

Q* [W] a [mm] b [mm]  [s] 
TIG welding 1 4500 8 11 5 
TIG welding 2 4500 8 11 3005 
TIG-dressing 1 960 6 3 6005 
TIG-dressing 2 960 6 3 7065 
TIG-dressing 3 960 6 3 8125 
TIG-dressing 4 960 6 3 9185 

 
 
The molten-remolten effect was simulated by incorporating a function that clears the history of an element once the 
temperature exceeds the melting temperature, which was taken as 1500°C. Radiative heat loss (using the Stephan-
Boltzmann law) and convective heat loss (using a convective heat transfer coefficient equal to 25 W/m2K) were 
applied at the boundary (external surfaces) of the plates to be joined. In the mechanical computation the weldment 
was considered isostatically clamped. Finally, a sequentially coupled thermo-metallurgical and mechanical analysis 
was performed by using the numerical code Sysweld®.  
 

4. Results and discussion 

Fig. 5 shows the temperature distribution at the point when the fusion zone has its maximum width with the fusion 
zone (FZ) being shown in red. It also shows the macrograph of the joint cross section after TIG-dressing (Fig. 5c). 
The proportional distributions of phases after cooling with a comparison with experimental results are shown in Fig. 
6. According to numerical simulation, each FZ is characterised by a mixture of allotriomorphic and Widmanstatten 
ferrite probably due a combination between the low carbon content (Tab. 1) and the cooling rate in that zone. The 
heat-affected zone (HAZ) is instead characterized by bainite (about 50%) and tempered bainite (about 50%). SEM 
micrograph (Fig.6) and micro-hardness measurements (not reported in this work) confirm the obtained numerical 
results. 

 

 
 

Fig. 5. FZ shape induced during a) TIG welding and b) TIG-dressing, respectively, and c) macrograph of the joint after TIG-dressing operations. 
 

Even if a 2D model is not able to correctly capture the residual stress distribution in the welded joint, a qualitative 
estimation may be useful to understand the effect of TIG-dressing on the residual stress redistribution. Fig. 7 shows 
the tensile asymptotic distribution of the residual stress ( component) in the as-welded joint. As described in 
literature [Ferro et al., (2006); Ferro and Petrone, (2009); Ferro, (2014)], if the weld toe is modelled as a sharp V-
notch angle, the residual stress field is singular and follows the Williams’s solution [Williams, (1952)].  
After TIG-dressing, the residual stress near the weld toe redistributes becoming compressive with a huge reduction of 
its local concentration (Fig. 8). Such effects are in agreement with the improved fatigue strength observed in welded 
joints subjected to TIG-dressing. 
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Fig. 6. Phase proportion after TIG-dressing: comparison between experimental and numerical results 
 

 
Fig. 7. Stress distribution near the weld toe of the as-welded joint 

 
5. Conclusions 
 

A carbon steel waldment subjected to TIG-dressing was studied by means of experimental and numerical analyses. 
The TIG-dressing process modified the geometry of the weld toe providing a smoother transition between the plate 
and the weld crown. Numerical and experimental results were found in good agreement. In particular, allotriomorphic 
and Witmanstatten ferrite were found in the FZ while bainite and tempered bainite in the HAZ. As expected, the re-
melting of the weld toe promoted a beneficial residual stress re-distribution with a huge reduction of the concentration 
factor and an inversion of its sign, from positive to negative. The simplified numerical model proposed and based on 
the activation/deactivation of elements instead of fluid analysis, may be useful to rapidly estimate the effects of 
welding and TIG-dressing operations sequence on the residual stress distribution of the joint. 
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Fig. 8. Residual stress distribution ( component, Fig. 2) after TIG-dressing. 
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