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Abstrakt 

 Niklová superzliatina EI 698 VD bola exponovaná v podmienkach creepu, cyklického creepu 
a termomechanickej únavy pri teplote 650°C. Deformačné režimy pre všetky aplikované spôsoby 
namáhania boli kontrolované cez konštantné zaťaženie. Horná úroveň zaťaženia bola Rmax = 740 MPa 
a dolná hladina zaťaženia Rmin = 20 MPa. Pre izotermálny cyklický creep rôzne dlhá doba výdrže pri 
maximálnej aplikovanej sile bola premennou zaťažovacieho cyklu. V procese termomechanickej únavy 
okrem doby výdrže pri maximálnej aplikovanej sile bola do procesu cyklovania zaradená aj zmena 
teploty realizovaná simultánne s procesom odľahčenia a zaťažovania. Takýto spôsob namáhania 
reprezentoval kombináciu creepového namáhania a mechanickej únavy resp. termomechanickej únavy. 
Transmisná elektrónová mikroskopia (TEM) tenkých fólií bola využitá pre analýzu deformačného 
dislokačného mechanizmu pre jednotlivé spôsoby namáhania. Fraktografická analýza lomových 
povrchov porušených vzoriek umožnila identifikovať účinok prídavnej únavovej zložky namáhania 
superponovanej na creepové namáhanie, na proces nukleácie a šírenia sa lomovej trhliny. Zavedenie 
kombinovaného creep-únavového spôsobu namáhania sa prejavilo špecifickým účinkom ako na 
deformačné chovanie zliatiny tak aj na iniciáciu porušenia. Zavedenie únavovej zložky namáhania do 
procesu creepu ovplyvnilo nukleačný mechanizmus porušenia len pre prípad cyklického namáhania s 
najkratšou dobou výdrže. 

 

 

Abstract 

 The deformation and damage mechanisms in wrought nickel base superalloy EI 698 VD were 
investigated by examining the microstructure, crack nucleation and propagation mechanisms of 
representative specimens.  All tests, high temperature creep, isothermal cyclic creep, including pure 
fatigue, and cyclic creep with additional thermomechanical fatigue stress component were load 
controlled and have been conducted at high temperature of 650°C. The effect of individual testing hold 
periods representing cyclic frequency as well as combined effect of hold periods and thermomechanical 
fatigue stress effect were studied considering the role of superimposed fatigue stress component onto 
creep in deformation process. The fractured specimens were sectioned and examined by transmission 
electron microscopy to reveal deformation microstructure and active dislocation deformation 
mechanisms. Fractography examination of fractured specimens have shown that introduction of fatigue 
stress onto creep stress had been clearly proved to affect the crack nucleation process only for 
thermomechanical fatigue testing with shortest hold period and for pure fatigue. 
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1. Introduction 

 EI 698 VD, one of grades of nickel base superalloys developed and used in Russian aircraft 
industry and in former East European block countries, is a high strength, good-ductility material with 
excellent fabrication characteristics. It's response to overageing in long term exposures is sluggish. 
Employing ageing heat treatment, the adequate matrix gamma prime precipitation strengthening and 
carbide grain boundary strengthening can be achieved providing good creep properties. Due to these 
attractive properties EI 698 VD wrought alloy has been extensively used as a structural material in the 
aircraft and power generating industries for variety of applications such as engine shafts and discs. 

 High temperature components assembled in aircraft turbine engines are subjected to complex 
stresses, including creep stress, fatigue stress and thermal stress originating from centrifugal force, high 
frequency vibration, and temperature changes. Extensive studies have been conducted to understand 
the mechanism of high temperature creep deformation in dispersion strengthened nickel base alloys, 
[1,2,3,4]. Recently increased attention has been paid to the study of creep and fatigue interaction in 
different either isothermal or anisothermal thermomechanical fatigue conditions [5,6,7,8]. As up to date 
results show, the creep/fatigue interaction appears to be an important factor in the lifetime prediction of 
components. It is believed that conjoint action of creep and fatigue stress components should be 
considered to assess the deformation mechanism in stressed parts. Various fatigue cycles in which 
tensile and compressive stress components are presented result in initiation and growth of surface 
fatigue cracks [9,10]. An additive cyclic stress component to stationary creep stress can either 
accelerate or decelerate the creep rate in dependence on alloys structural characteristics and employed 
materials test conditions [11,12].  

 The paper presents the results on microstructure evolution in nickel base superalloy when 
subjected to the high temperature creep, isothermal cyclic creep, and thermomechanical fatigue. In 
order to examine the influence of the additional fatigue stress component superimposed onto the creep 
stress, the specific loading schedules representing continuous tension-tension cycling were performed. 
Load controlled creep/fatigue and fatigue tests have been conducted at high temperature where 
frequency and tension hold times at amplitude peaks were variables and stress range interval was kept 
constant. 

 The evolution of dislocation structure in specimens subjected to different types of cyclic 
loading was studied in thin foils by transmission electron microscopy (TEM). The fracture surfaces 
were examined by scanning electron microscopy (SEM) to investigate the additional effect of the 
isothermal and thermomechanical fatigue (TMF) stress component on the failure nucleation and crack 
propagation process. 

 

 

2. Experimental procedure 

 The investigated material was wrought nickel base superalloy. Composition of the superalloy 
given in mass contents is as follows: 0.08 % C, 13-16 % Cr, 2.8-3.8% Mo, 1.3-1.7 % Al, 2.3-2.7 %Ti, 
1.8-2.2 % Nb, max. 2.0 % Fe, and balance Ni. 

The following three-step heat treatment was performed: 

Solution annealing at 1100°C for 8 hrs. and air cooling. 

Ageing at 1000°C for 4 hrs. and air cooling. 

Ageing at 775°C for 16 hrs. and air cooling. 

 Solid, uniform gauge section, specimens with diameter of 5.0 mm were machined for all types 
of testing. The pure creep, isothermal cyclic creep (ICC), cyclic creep with thermomechanical fatigue 



stress component (TMF) were performed in creep testing machines allowing the applied stress to 
remain constant during testing.  The test conditions for individual testing were following: 

Creep tests were performed under stress R=740 MPa. Test loading periods were 1hour, 25 hours 
and until rupture. 

Isothermal cyclic creep. The load wave diagram as a function of time was of trapezoidal shape 
and unchanged until rupture. Five different hold times ∆t = 0 (pure fatigue), 1, 3, 5, and 10 
hours at peak stress (maximum amplitude) Rmax = 740 MPa were introduced. The rise and fall 

time was 1 min respectively. Cycling frequency range was between 9 x 10-3 and 3 x 10-5 Hz. 
The stress after load reduction was maintained at Rmin = 20 MPa to keep the loading system in 
tension. Testing temperature for ICC tests was 650°C  and kept constant in time of testing. 

Thermomechanical fatigue loading schedule and testing conditions were the same as for  ICC 
testing , only the thermal fatigue stress component was introduced into the load waveform due 
to the specimen's air cooling prior load reduction and reheating prior to reloading. All tests were 
conducted until the specimens fractured. The tests were characterised by the rupture time and 
elongation. 

          The samples, thin foils, for TEM observation were prepared from the gauge sections of fractured 
specimens. These samples were mechanically thinned following by electrolytic thinning and examined 
in TEM operating at 200 kV. TEM analyses were used to reveal a dislocation structure and dislocation 
deformation mechanisms for applied testing procedure. 

           Metallography examinations were carried out in a plane parallel to the test piece axis. These 
examinations permitted to relate more closely the crack propagation path to specimen structure. 

 

 

             
 

 
           Fig.1 Microstructure of alloy after heat treatment              Fig.2 TEM micrograph of M23C6 carbides 

        on grain boundary 

 

 

 Fracture surfaces of all test pieces were systemically examined by SEM to determine The 
fracture mode and specific characteristics of fractures as a result of fatigue stress component 
introduction onto creep stress. 

 

 

3.   Results and discussion 

3.1 Prior Microstructure 

 The heat treatment procedure provided a uniform equiaxed grain microstructure. Coarse, 
bulky, MC carbides, which are a result of eutectic reaction, were deposited inside of grains and along 
grain boundaries either, Fig.1. Ageing at higher temperature has also led to precipitation of M23C6, 
chromium based carbides of finer size in intragranular locations, Fig.2. A double ageing treatment 
resulted in over 40 % volume fraction of gamma prime precipitates and these were uniformly 
distributed in the gamma matrix. Bright field TEM micrograph presents these precipitates in Fig.3. The 
gamma prime is intermetallic phase Ni3(Al,Ti) with face-centered cubic structure (L12). It is coherent 
with matrix and has either cuboidal or globular morphology. The sphere shaped gamma prime 
precipitates are about 40 to 80 nm in diameter. In temperature range of 650 - 900°C, they are very 
stable and provide excellent high temperature strength and creep properties.  

 



 

3.2 Mechanical Testing 

 All results on high temperature mechanical testing including creep, ICC, and TMF are 
available and were presented in Ref. [13]. 

 

 

3.3 TEM of Deformation Process 

 An extensive TEM analysis was carried out to study post deformation dislocation structure 
developed in deformed or fractured specimens due to different regimes of loading. The principal aim of 
this analysis was to assess both the effect of isothermal cyclic stress of various frequencies, and the 
additional effect of thermomechanical cycling, introduced onto the constant creep stress Rmax, on 
deformation behaviour of alloy.    

 

 

             
 

 
           Fig.3 TEM micrograph of gamma prime precipitate          Fig.4 Planar slip band. Creep 1 h 

 

 

3.4 Creep Testing 

 In case of pure creep of 1h duration, within this short period of transient creep deformation, 
planar dislocation arrangements (slip bands) were developed, Fig.4. But homogenous dislocations 
network within the slip bands was already observed. Dislocation - particle interactions were noticed 
also in matrix between slip bands. The dislocation configurations provide the evidence, that dislocation 
Orowan bowing and particle shearing participated in dislocation surpassing the gamma prime 
precipitates. An evidence of particle shearing by glide dislocations in slip band is presented in Fig.5 
and Orowan bowing is shown in Fig.6. 

 

 

           
 

 
             Fig.5 Particle shearing within slip band. Creep 1 h          Fig.6 Orowan bowing of dislocation 

 

 

 As creep duration exceeded 25 hours the dense dislocation arrangements were more 
developed, Fig.7. In this case the precipitates were circumvented by Orowan looping process or 
dislocations passed over the gamma prime precipitates by climbing process, as shown in Fig.8. 

 Dislocation structure corresponding to fractured specimen is presented in Fig. 9. The 
dislocation tangles as clustered around the precipitates are shown in Fig. 10. The gamma prime 
precipitates remained uniformly distributed and did not change morphologically during creep. 

 

 

           



 

 
             Fig.7 Dislocation tangles in matrix. Creep 25 h               Fig.8 Dislocation climbing in matrix 

 

 

3.5 Isothermal Cyclic Creep Testing 

             The deformation in the specimens subjected to ICC was studied only in fractured parts of 
specimen. Regardless of the individual cyclic test variables (different hold times), the dislocation 
structure close to fracture surface bears the features of severe plastic deformation, identical to only 
crept specimens. Homogenous distribution of dislocations was noticed in intragranular areas. But, in 
gauge areas, more remote from fracture surface, where dislocation network was less dense the shearing 
of gamma prime precipitates and dislocation clustering due to interaction with precipitates were 
observed as well. 

 

 

            
 

 
            Fig.9 Dense dislocation tangles in matrix                           Fig.10 Dislocation clusters built up at precipitates 

   

 However, the deformation process in case of pure fatigue, there have not been hold time at 
stress Rmax, resulted in high strengthening and very low elongation of specimen was achieved. The 
dislocation analysis in specimen subjected to fatigue, intercepted after 2200 cycles, indicates that 
deformation is mostly confined to the deformation slip bands activated in different slip planes, Fig.11. 
The dislocation tangling within these narrow bands is very dense, Fig.12, and if cycling continues more 
slip bands might be formed. It can result in an extensive hardening and to cause a ductility decrease 
comparable to creep. 

 

 

            
 

 
            Fig.11 Multiple slip bands. Pure fatigue                  Fig.12 Dislocation tangling within slip bands 

 

 

3.6 Thermomechanical Fatigue Testing 

 TEM structure analysis of specimens which were tested under cyclic creep with 
thermomechanical stress component superimposed onto creep stress revealed no substantial changes in 
developing dislocation structure.  In spite of apparent specimen hardening at all tests, and comparing 
with creep test, the dislocation structure in fractured specimens did not differ from those observed 
under monotonic creep test, Fig.13. Orowan bowing dislocation mechanisms, no matter hold time, was 
dominant for TMF deformation schedules, Fig.14. 

 

 

            
 



 
            Fig.13 Dislocation configuration in TMF tested                Fig.14 Dislocation bowing surpassing precipitates 

                       specimen 

  

 To conclude the obtained TEM results, the investigation of deformation process indicates, 
regardless of individual choice of testing schedules, that introduction a cyclic stress component of 
defined parameters onto creep stress resulted only in amount of deformation work and extension of 
time to fracture. Creep/fatigue deformation did not affect the dislocation mechanisms participating in 
deformation. The shearing of gamma prime precipitates within matrix could occur because of the 
extensive work hardening in slip bands. It appears that the increased internal resistance due to 
dislocation tangling within the slip bands is much larger than the stress required for initiating the 
shearing of gamma prime precipitates in the inter slip bands areas. However, it seems to be evidenced 
that with prevailing cycling stress, mainly in initial stage of test, the deformation was more 
inhomogeneous and condensed in more narrow slip bands. In this case gamma prime precipitates 
shearing in slip bands, sets up preferential paths for the movement of dislocations in early stage of 
deformation.  

 

 

           
 

 
             Fig.15 SEM micrograph of fracture surface.                    Fig.16 SEM micrograph of intergranular   

                         Crack initiation                                                                 and transgranular cleavage                                                      

3.7 Damage mechanisms 

 The SEM fracture analysis of broken specimens was employed to trace crack initiation site 
and its morphology, as well as the fracture mode, with consideration to microstructure. Metallography 
examination along a plane normal to the crack  propagation showed that crack path has mixed 
intergranular and transgranular character. But secondary cracks, which were few on cross section, 
nucleated on grain boundaries with perpendicular orientation to applied stress and had either wedge or 
flat morphology. Fracture initiation was always, regardless of testing type, found at specimen surface. 
In both cases, creep and ICC testing, all fractures had characteristic intergranular crack initiation and 
propagation, as it is shown in Fig.15. Only the total intergranular area differed for relating individual 
testing. After critical crack size opening its further  propagation was mixed fracture mode, intergranular 
and transgranular cleavage, Fig.16. The only fatigue stress participation at crack nucleation process 
was observed at TMF simulation of one-hour hold time, and of pure fatigue testing, Fig.17. The greater 
presence of fatigue stress participation in deformation process or fracture process was clearly proved 
by presence of fatigue striations on transgranular fracture facets in case of pure fatigue ICC loading. 
However, the resulting fracture mechanisms for further crack propagation were identical with other 
fractures. 

 

 

 

 
 

 
Fig.17 Fatigue mechanisms crack initiation. 

                              TMF 1h hold. 

 

 



4. Conclusions 

 The mechanisms of deformation and damage at high temperature in wrought nickel base 
superalloy EI 698 VD was investigated under creep, isothermal cyclic creep, and thermomechanical 
fatigue. The TEM and SEM experimental techniques were employed for analysis of dislocation 
structure and fracture process. The following conclusions can be drawn from the present study: 

The creep/fatigue interaction showed no detrimental effect on specimen lifetime and in all cases 
of load simulation it enhanced the lifetime of subjected specimens. 

At initial stages of each applied loading schedule the deformation is localised into planar slip 
bands. The width of slip bands seemed to depend on loading schedule. 

Shearing of gamma prime precipitates in slip bands set up preferential path for dislocation 
movement for pure creep loading.  

More advanced testing promotes development of dense dislocation network in gamma matrix. 
The dislocation formed dense clusters around precipitates.  

Orowan bowing and dislocation climbing mechanisms are to surpass the precipitates when 
deformation proceeded at all applied loading regimes.  

The intergranular crack initiation and propagation had uniform mechanism for all types of 
testing.  Only for pure fatigue and for shortest hold time of TMF testing the creep/fatigue 
interaction was apparent with characteristic fatigue striations at crack initiation.  
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