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Abstract Total strain-controlled tests have been per-

formed on cylindrical specimens of polycrystalline Inconel

792-5A at 23 and 900 �C to study the effect of temperature

on low cycle fatigue characteristics and cyclic strain

localization. Hardening/softening curves, cyclic stress–

strain curves, and fatigue life curves are presented. Two

linear dependencies are used to approximate the room

temperature data in Manson–Coffin plot. Technique of

oriented foils observed in transmission electron microscope

is used to study dislocation structure. Effect of temperature

on surface relief topography and fracture surface is docu-

mented using scanning electron microscopy and atomic

force microscopy. High-amplitude straining is character-

ized by slight initial hardening followed by saturation at

room temperature and sustained weak softening at 900 �C.

Low-amplitude cycling results in the stable stress response.

Plastic strain localization into persistent slip bands lying

along {111} slip planes was observed at both temperatures.

Introduction

Inconel 792-5A nickel-base superalloy is a cast high-

strength polycrystalline material designed for the produc-

tion of blades and discs of gas turbine engines for use at

temperatures up to about 950 �C. It offers excellent

corrosion resistance in sulfur-bearing environments [1, 2].

The critical turbine parts are subjected to repeated elastic–

plastic straining as a result of heating and cooling during

start-up and shutdown periods. Consequently, low-cycle

fatigue is an important consideration in the design of the

components, and cyclic stress–strain and fatigue life data at

temperatures up to high temperatures are needed. Fatigue

behavior of Inconel 792-5A is reported scarcely [3, 4].

Onset of strain localization is a decisive step in the

fatigue damage evolution of crystalline materials. Strain

localization manifests itself in specific changes of internal

structure and in the formation of the characteristic surface

relief [5]. Nickel-base superalloys are composite materials

consisting of softer c solid solution matrix and harder

strengthening coherent precipitates; therefore, cyclic strain

is localized predominantly in the softer phase. Besides, slip

markings and slip bands, running parallel to the active slip

plane, have been reported in many nickel-base superalloy

single crystals (for review see [6]) and polycrystals [7–18].

Dislocation structure investigations in superalloy poly-

crystals cycled at room and high temperatures [7–17]

indicate planar slip bands going parallel to {111} slip

planes and cutting the strengthening particles. Narrow slip

bands were observed even at 950 �C [12]. Surface slip

markings that originate in the vicinity of the slip band

intersection with the free surface were found on superalloy

specimens both after room-temperature [7, 8, 11, 13, 18]

and high-temperature cycling [15, 17].

Recently, atomic force microscopy (AFM) was applied

to study surface topography of fatigued metallic materials

[17–27]. This new, sensitive technique can provide quan-

titative information on the three-dimensional surface relief

with resolution approaching atomic scale. It can help to

elucidate the crucial questions in cyclic strain localization

of nickel-base superalloys, namely whether and to what
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extent the slip bands observed are persistent. AFM was

used to investigate the surface relief of superalloy poly-

crystals at room temperature [17, 18] and also at high

temperature [17].

This article reports fatigue behavior of Inconel 792-5A

polycrystals under symmetrical total strain cycle at room

temperature and at 900 �C. This article focuses on the

effect of high temperature on the cyclic stress–strain

response and fatigue life curves. Special attention is

devoted to the investigation of cyclic strain localization at

both temperatures using scanning electron microscopy

(SEM), AFM, and transmission electron microscopy

(TEM) with the aim to reveal differences in surface relief

morphology at both temperatures and to elucidate whether

relevant slip bands are persistent.

Experimental

Material, specimens, and testing

Inconel 792-5A polycrystals were provided by PBS Velká

Bı́teš, a.s. as conventionally cast rods in fully heat-treated

condition, i.e., after 1120 �C/4 h/rapid air cooling

(RAC) ? 1080 �C/4 h/AC ? 845 �C/24 h/AC. Chemical

composition of the superalloy is shown in Table 1. Pol-

ished sections of the material reveal coarse grains with

dendrites, carbides, and shrinkage pores being rarely up to

0.5 mm in diameter [28]. Structure of the alloy is shown in

Fig. 1. Rugged grain boundaries due to the complex den-

dritic structure are apparent in the optical micrograph of

the section parallel to the rod axis in Fig. 1a. The average

grain size, found using the linear intercept method, was

3.0 mm. The heat treatment yielded duplex c0 microstruc-

ture consisting of cuboidal and spherical c0 precipitates

embedded in a solid solution-strengthened c matrix—see

Fig. 1b. The average size of c0 particles is 0.2 lm (diam-

eter for spherical particles) and 0.6 lm (cube edge for

cuboidal precipitates). The fcc c phase is coherent with the

c0 phase having an ordered L12 structure [1].

Figure 2 shows button-end specimens having gauge

length and diameter of 15 and 6 mm, respectively, used in

fatigue tests. Specimens were machined parallel to the rod

axis and their gauge length was mechanically ground. The

gauge section of some specimens was electrolytically

polished to facilitate the surface relief observation.

The specimens were fatigued in a computer-controlled

electrohydraulic testing system in a symmetrical push–pull

cycle under strain control (Re = -1). Continuous cycling

with the triangular time dependence of the total strain was

applied. The strain was measured and controlled using a

sensitive extensometer with a 12 mm base. The strain rate

of 2 9 10-3 s-1 and total strain amplitude were kept

constant in all tests. The room-temperature (23 �C) and

high-temperature (900 �C) isothermal tests were conducted

in air. Heating was provided by a three-zone resistance

furnace and monitored by three thermocouples attached to

both specimen ends and to the upper part of the gauge

section. The hysteresis loops for selected numbers of cycles

were saved to disk memory. Plastic strain amplitude

derived from the half of the loop width and stress ampli-

tude at half-life was evaluated.

TEM, SEM, and AFM observations

TEM of thin foils was adopted to study internal dislocation

structure in the superalloy. A Philips CM-12 operating at

120 kV with a double tilt holder was used. Thin foils were

prepared using the standard double jet technique from sli-

ces cut in the specimen gauge area parallel to the specimen

Table 1 Chemical composition of Inconel 792-5A (in wt%)

Cr Co Ti Al Ta W Mo Fe Nb C Zr B Ni

12.28 8.87 3.98 3.36 4.12 4.10 1.81 0.16 0.10 0.078 0.031 0.015 Bal.

Fig. 1 Microstructure of the

material. a Section parallel to

the loading axis (optical

microscope). b Detailed

structure of precipitates (TEM)
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axis. Slices with a thickness of 0.8 mm were ground

mechanically to a thickness of about 80 lm. Discs with a

diameter of 3 mm were cut from the slices and then thinned

using double jet technique until perforation appeared.

Special care was taken to mark the direction of the speci-

men axis, so that the orientation of each grain relative to

the loading axis could be determined using diffraction

patterns and Kikuchi lines. We have adopted the usual

notation in which the loading axis is within the basic ste-

reographic triangle (001), ð�111Þ; and (011).

Surface relief observations were performed in Philips

505 and JEOL 6460 SEMs and in the Accurex IIL AFM on

the gauge length of selected specimens. AFM in contact

imaging mode in the air was used to obtain constant-force

topographic images. A standard silicon nitride cantilever

with a pyramidal tip, from Park Scientific Instruments,

having the radius of curvature of 20 nm and the vertex

angle of 36� was applied. The crystallographic orientation

of selected grains was determined in the SEM using the

electron backscattering diffraction (EBSD). The method

based on the analysis of the Kikuchi patterns of backscat-

tered electrons is described elsewhere [22, 29]. Fracture

surfaces were studied using JEOL 6460 SEMs.

Results

Stress–strain response and fatigue life

Figure 3 shows the stress amplitude ra as a function of the

number of cycles N obtained at room temperature and at

900 �C for different total strain amplitudes. The character

of these hardening/softening curves varies with strain

amplitude and temperature. For room-temperature cycling,

the initial hardening is followed by the stable stress

response—see Fig. 3a. The hardening becomes more pro-

nounced with increasing strain amplitudes. High-amplitude

cycling at high temperature results in slow softening up to

the end of the fatigue life while the saturated behavior can

be seen in the low-amplitude domain—see Fig. 3b.

Cyclic stress–strain curve (CSSC) of the material is

shown in Fig. 4 for both temperatures. The stress amplitude

is plotted vs. the plastic strain amplitude at half-life.

Experimental data were approximated by the power law

log ra ¼ log K 0 þ n0 log eap� ð1Þ

Fatigue-hardening coefficient K0 and fatigue-hardening

exponent n0 were evaluated using linear regression analysis

and are shown together with standard errors in Table 2. It

can be seen that the CSSC strongly depends on tempera-

ture. For a given plastic strain amplitude, the stress

amplitude at room temperature is about twice as that at

Fig. 2 Shape and dimensions of the specimen (in mm)

Fig. 3 Cyclic hardening/

softening curves of Inconel

792-5A. a 23 �C. b 900 �C
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900 �C. The value of the fatigue-hardening exponent n0 is

almost the same for both temperatures.

Fatigue life curves are plotted in Fig. 5 for both tem-

peratures. Figure 5a shows the plastic strain amplitude eap

at half-life vs. the number of cycles to fracture Nf in the

bilogarithmic representation. Manson–Coffin law

eap ¼ e0fð2NfÞc ð2Þ

is commonly used to describe the low-cycle fatigue life. e0f
is the fatigue ductility coefficient and c is the fatigue

ductility exponent. Because the fatigue life Nf is the

dependent variable and eap is the independent variable,

Eq. 2 is written in the form suitable to fit experimental data

Y ¼ ðX � log e0fÞ=c ð3Þ

where Y = log (2Nf) and X = log eap. Nonlinear regres-

sion analysis is applied to evaluate parameters e0f and c that

are shown together with their standard errors in Table 2.

Room temperature experimental data can be divided into

high-amplitude domain I and low-amplitude domain II.

Manson–Coffin law (3) is fitted to fatigue life data for each

domain separately. It can be seen that the fatigue lives

measured at both temperatures in the Manson–Coffin rep-

resentation differ significantly only at high amplitudes. The

values of the Manson–Coffin law parameters obtained at

900 �C and in the domain II at room temperature are

almost identical—see Table 2.

Fatigue life curves in the representation of the stress

amplitude ra at half-life vs. the number of cycles to frac-

ture Nf are shown in Fig. 5b. The Basquin law is expressed

by analogy to the Manson–Coffin law (see Eq. 3) in the

form

Y ¼ ðZ � log r0fÞ=b ð4Þ

where Y = log (2Nf) and Z = log ra. Equation 4 is used to

fit experimental data and evaluate the fatigue strength

coefficient, r0f ; and the fatigue strength exponent, b. Their

values are shown in Table 2. The Basquin curves strongly

depend on temperature—see Fig. 5b and Table 2. The

absolute value of the fatigue strength exponent at 900 �C is

almost twice as that obtained at room temperature while

the fatigue strength coefficient value is equal at both

temperatures within experimental scatter. The increase in

temperature from room temperature to 900 �C results in

considerable reduction of the stress amplitude, e.g., for

Nf = 5000 cycles, the stress amplitude at 900 �C is half of

that at room temperature.

Surface relief, dislocation structure, and fractography

Surface relief of specimens cycled to failure at both tem-

peratures has been studied in SEM and AFM. Figure 6

shows SEM micrographs of the surface of a specimen

cycled with high strain amplitude (ea = 0.6%, eap = 0.08%

at half-life) at room temperature. Thin parallel slip mark-

ings going through both the c matrix and the c0 precipitates

can be seen on the etched surface of a large grain in

Fig. 6a. They are spaced nearly equidistantly and are sep-

arated by almost nondeformed surface. With decreasing

strain amplitude the number of slip markings is reduced.

Slip markings were not observed in all grains even in

specimens cycled with very high strain amplitudes that

correspond to the fatigue life close to 100 cycles. They lie

exclusively parallel to the {111} slip plane traces. The

surface relief in majority of grains corresponds to the

activation of one slip system. Fatigue cracks initiated either

in the grain interior along slip markings or in grain

Fig. 4 Cyclic stress–strain curve of Inconel 792-5A at two

temperatures

Table 2 Parameters of cyclic stress–strain, Manson–Coffin, and

Basquin curves of Inconel 792-5A

Temperature (�C) 23 900

K0 (MPa) 2130 ? 220

- 200

1310 ? 150

- 130

n0 0.118 ± 0.012 0.140 ± 0.012

e0f 7.0 ? 14.8

- 4.8

c -1.27 ± 0.13

e0fI 0.0109 ? 0.0034

- 0.0026

cI -0.500 ± 0.041

e0fII 6.8 ? 1.1

- 1.0

cII -1.21 ± 0.02

r0f (MPa) 1480 ? 140

- 130

1580 ? 260

- 230

b -0.086 ± 0.012 -0.169 ± 0.017
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boundaries. Figure 6b shows a fatigue crack initiated along

the slip markings. The crack is formed by linking three

segments each of which run along a different parallel slip

marking in the grain. A fatigue crack initiated at a dendritic

grain boundary is shown in Fig. 6c. One slip system, with

slip markings indicated by white arrows, is activated in

each of both grains whose fractions can be seen in Fig. 6c.

Figure 7 shows the most pronounced surface relief

obtained at 900 �C which developed in a grain oriented for

single slip (the stress axis of the grain is ½�3; 7; 10�) in a

specimen cycled with high strain amplitude (ea = 1.2%,

eap = 0.75 % at half-life). It can be seen from Fig. 7a that

the slip markings are short, wide, wavy, and densely pop-

ulated in comparison with those obtained at room tem-

perature. They do not lie along a particular crystal plane

trace and they are inclined at an angle up to 10� to each

other. Number of grains with slip markings is very low

in comparison with that found at room temperature.

Well-developed slip markings were observed only in a few

grains of the specimen cycled with the highest strain

amplitude at 900 �C. Figure 7b shows intrusions or initi-

ated cracks in the central part of slip markings with

extrusions on both sides. However, fatigue cracks initiated

predominantly at the boundary of dendritic grains. Later

formation of the main crack includes the mechanism of

crack linking; both the grain boundary cracks and those

within the slip markings participate in the formation of the

principal crack.

AFM micrographs show a more detailed view of surface

topography. Surface relief in 3D representation typical for

both temperatures is shown in Fig. 8. Quantitative data on

the surface relief can be evaluated using surface profiles

shown in Fig. 9. Different scales in horizontal and vertical

direction are used in Figs. 8 and 9. The surface profiles

correspond to the sections perpendicular to both the surface

slip markings and to the surface. The black arrows in Fig. 8

Fig. 5 Fatigue life curves in (a)

Manson–Coffin and (b) Basquin

representation of Inconel

792-5A at two temperatures

Fig. 6 SEM micrographs of

surface relief of a specimen

cycled to fracture at room

temperature with ea = 0.6%.

a Slip markings. b Crack

initiation at slip markings.

c Crack initiation at grain

boundaries
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denote positions of the sections. AFM observation revealed

clear extrusions along slip marking at both temperatures—

see Figs. 8 and 9. The presence of extrusions suggests that

the corresponding slip bands are persistent—comp. dis-

cussion in the following section. The morphology of indi-

vidual slip markings observed at room temperature differs

considerably—see Figs. 8a and 9. Surface profile (see

Fig. 9) shows negligible relief at the first slip marking from

the left while a clear step is apparent at the second slip

marking, and well-developed extrusion with the maximum

height of 0.4 lm is identified at the third slip marking. The

height of extrusions varies markedly along slip markings as

well. Different morphology of surface relief is observed at

900 �C—see Figs. 8b and 9. Figure 8b shows in detail the

surface relief within the box area of Fig. 7a. Compact cord-

like extrusions can be seen along all slip markings in

Fig. 8b. They are higher and wider in comparison with

those obtained at room temperature. Small undulation of

specimen surface is apparent between individual slip

markings. The height of majority of extrusions exceeds

1 lm and changes only slowly along the slip marking. The

maximum extrusion height was estimated to 1.6 lm.

Internal dislocation structure was studied by TEM with

the aim to reveal inhomogeneous dislocation microstruc-

ture related to cyclic strain localization observed on the

free surface. Examples of dislocation arrangements are

shown in Fig. 10. Figure 10a shows dislocation structure in

a specimen cycled at room temperature to the end of life

(ea = 0.5%, eap = 0.08% at half-life). Inhomogeneous

dislocation arrangement is apparent in Fig. 10a in a grain

oriented for single slip (stress axis is indicated within the

embedded standard stereographic triangle). Numerous thin

bands (thickness below 0.1 lm) of high dislocation density

are separated by low dislocation density areas. The bands

run parallel to the primary slip plane cutting both the c
channels and the c0 particles. Bundles of high dislocation

density are often formed between closely spaced neigh-

boring bands. In the low dislocation density areas,

Fig. 7 Surface relief in a

specimen fatigued with

ea = 1.2% at 900 �C (SEM).

a Slip markings. b Crack

initiation within slip markings

Fig. 8 Three-dimensional AFM micrograph of surface relief of

specimen fatigued to the end of life. a ea = 0.6%, 23 �C. b Surface

area marked by white box in Fig. 7a, ea = 1.2%, 900 �C

Fig. 9 Surface relief profiles in sections perpendicular to the slip

markings (indicated by black arrows in Fig. 8)
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dislocations are present within the c0 precipitates but pre-

dominantly in the c channels. Figure 10b shows dislocation

arrangement in specimen cycled at 900 �C with strain

amplitude ea = 1.2% (eap = 0.75% at half-life). Thin slip

bands running parallel to the primary slip plane (111) and

to the secondary most stressed ð�111Þ plane can be seen in a

grain oriented for double slip. By analogy to room-tem-

perature cycling, the bands pass through both the matrix

and the precipitates.

Fracture surface observation with SEM reveals that

fatigue cracks initiate from the surface frequently at casting

defects present close to the surface at both temperatures.

Cracks initiate at several sites of a specimen, but usually

one crack results in final fracture. Smooth facets inclined to

the loading axis observed in fracture surfaces close to

specimen surface can be identified with the stage I crack

growth. The stage II crack growth is characterized by a

mixture of intergranular and transgranular fracture with a

preponderance of the latter. An example of fracture sur-

faces corresponding to the stage II crack growth is shown

in Fig. 11. At room temperature, a typical fracture consists

of many facets along crystal planes predominantly of one

type (Fig. 11a). At 900 �C, the ductile fracture with fields

of striations is a typical feature. The amount of striations

increases with increasing crack length (Fig. 11b).

Discussion

Cyclic strain localization, crack initiation, and growth

Experimental study of surface topography using SEM and

AFM and investigation of internal dislocation structure in

TEM of Inconel 792-5A fatigued under total strain control

revealed pronounced strain localization both at room tem-

perature and at 900 �C. On the surface, strain localization

manifests in surface slip markings the characteristics of

which depend on temperature. In the bulk, planar slip bands

of high dislocation density are observed at both tempera-

tures. They run parallel to the primary slip plane (111) and

pass through both the c channels and the c0-ordered particles.

These findings of strain localization are generally consistent

with previous works on different superalloys [6–18].

The SEM and AFM observation of surface relief in

Inconel 795-5A at both temperatures (see Figs. 6, 7, 8, 9)

revealed distinct hilly extrusions within slip markings that

arise where slip bands emerge on the free surface. The

extrusions are reminiscent of those in persistent slip

markings (PSMs) of single-phase FCC metals [5]. Extru-

sion growth rate was assessed quantitatively at room tem-

perature in polycrystalline copper [30] and in austenitic

Fig. 10 TEM micrographs of dislocation arrangement in specimens

cycled to fracture. S.A. stress axis. a ea = 0.5%, 23 �C, foil plane is

close to ð�101Þ. b ea = 1.2%, 900 �C, foil plane is ð3�32Þ

Fig. 11 SEM fractographs of

Inconel 792-5A. a ea = 0.48%,

23 �C. b ea = 0.6%, 900 �C
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stainless steel 316L [24]. Its highest values were estimated

at the beginning of cycling as 0.4 nm/cycle in Cu and

0.081 nm/cycle in 316L steel. These values agree well with

the evolution of the average extrusion height assessed in

Waspaloy at room temperature [18]. Maximum extrusion

height evaluated in this work using AFM measurements is

400 nm at room temperature and 1600 nm at 900 �C.

Therefore, the morphology and the height of extrusions

witness indirectly that the relevant slip bands are persistent,

i.e., they are active for many cycles in the course of the

fatigue life.

Evaluation of AFM measurements of surface relief in

this work shows that the maximum extrusion height at

900 �C is four times higher than that obtained at room

temperature (compare Fig. 9). This finding supports the

vacancy models of surface relief formation based on mass

redistribution [31, 32]. Vacancies that form in a persistent

slip band (PSB) by interaction of moving dislocations

migrate out of the slip band and atoms diffuse in the

opposite direction to the band. Both the vacancy migration

out of the band and the reverse flow of atoms to the band

contribute to the extrusion growth [31, 32]. The diffusion

flow strongly increases with increasing temperature, which

results in the more pronounced surface relief at higher

temperature in agreement with experimental observation at

900 �C in this work. The present results also agree with the

recent AFM observation of surface relief in Inconel 713 LC

cyclically strained to the end of the fatigue life at four

temperatures [17]. The highest extrusions were found at the

highest temperature of 800 �C.

The PSMs are observed to be wavy after fatigue test at

the temperature of 900 �C while almost straight PSMs are

apparent at room-temperature cycling—see Figs. 6 and 7.

Thus, the temperature increase from room temperature to

900 �C results in the change from planar slip to wavy slip

behavior of Inconel 792-5A. However, only straight and

narrow slip bands parallel to {111} slip planes and cutting

precipitates have been found in the interior of the material

at both temperatures—see Fig. 10. The wavy slip and

planar slip behavior in single-phase metals is usually

associated with easy and difficult cross slip, respectively

[33]. In Ni-base superalloys, the wavy slip markings are

observed in tensile test specimens even at room tempera-

ture [34]. Their occurrence is associated with changes in

the width of c channels, and depends on the crystal and

dendrites orientation. The macroscopic deviation of slip

markings from {111} planes observed at 900 �C can be

explained by multiple cross slip on octahedral slip planes

within c channels and/or by cross slip onto cubic planes in

agreement with earlier suggestions for different Ni-base

superalloys [35–37].

Intensive cyclic plastic strain in PSBs results in crack

initiation within PSMs. The stress concentration between

two neighboring intrusions can lead to the formation of

new surfaces, and a half-elliptical crack is nucleated [38].

The half-elliptical cracks can link and grow under local

slip–unslip mechanism along the primary slip plane (mode

II) with the assistance of a corrosive environment that

prevents the rewelding of new surfaces. This stage I crack

growth corresponds to smooth facets inclined to the load-

ing axis observed in fracture surfaces close to the specimen

surface of Inconel 792-5A. Grain boundary crack initiation

is observed in the material as well. It is the decisive

mechanism at 900 �C. The intersection of a grain boundary

with a free surface is a site of preferential diffusion of

oxidizing gases, resulting in the notch development and

subsequent crack nucleation under the action of cyclic

stress. Crack initiation both at grain boundaries and PSMs

is accelerated by casting defects present at the specimen

surface or close to it.

Later, the transition to the stage II crack growth takes

place, and a crack propagates approximately perpendicu-

larly to the stress axis. Crack growth proceeds mostly

transgranularly, and the crack linking with initiated cracks

and interaction with localized strain regions are important

mechanisms. Present SEM observations suggest that

operating slip planes play significant role in the fatigue

fracture at room temperature (Fig. 11a), and the crack tip

blunting occurs at 900 �C (Fig. 11b). Fatigue–environment

interaction must be taken into account to advance crack

propagation particularly at high temperature [39, 40].

Stress–strain response and fatigue life

Influence of material structure, particularly of structural

changes evolved due to cyclic straining, on phenomeno-

logical fatigue characteristics is discussed in this section.

Stress–strain response, two slopes in the Manson–Coffin

plot, a high absolute value of the fatigue ductility expo-

nent, and scatter in experimental data are addressed

topics.

Present results show initial hardening followed by stable

stress response in room temperature cycling and slight

permanent softening at 900 �C—see Fig. 3. Microstruc-

tural changes found in the natural composite of Inconel

792-5A in the form of PSBs in the interior and PSMs at the

surface at both temperatures manifest themselves in the

cyclic behavior of the superalloy. The PSBs accommodate

cyclic plastic strain more effectively in comparison with

initial dislocation arrangement formed of dislocations

moving predominantly in the c channels that are approxi-

mately parallel to {001} planes. Consequently, the for-

mation of PSBs in the high-amplitude domain leads to the

stabilization of the stress response at room temperature and

even to the cyclic softening observed at 900 �C where the

degree of localization is higher.
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The present results show that the fatigue life in the

Manson–Coffin representation is almost temperature inde-

pendent in the low-amplitude domain— see Fig. 5a. In the

high-amplitude domain for the same fatigue life, a drop in

plastic strain amplitude is clearly apparent at room tem-

perature in comparison with values obtained at 900 �C. The

difference in the fatigue life data for room temperature and

900 �C can be a direct consequence of the hardening/

softening behavior of Inconel 792-5A, shown in Fig. 3.

Namely, pronounced hardening at room temperature and

slow softening at 900 �C are evident in the high-amplitude

domain while saturated stress response is typical for the

low amplitudes at both temperatures. Since plastic strain

amplitude at half-life is applied to construct the Manson–

Coffin plot, the hardening/softening behavior can explain

qualitatively the difference between fatigue life curves at

room temperature and 900 �C in the high–amplitude

domain. The experimental data at room temperature sug-

gest two slopes in the Manson–Coffin curve in agreement

with previous results on various Ni-base superalloys. The

two-slope behavior is attributed to a change in deformation

mechanism with strain amplitude variation [8, 13, 15].

Figure 5 and Table 2 show another interesting feature of

the fatigue life curves, namely, the comparatively high

absolute value of the fatigue ductility exponent c in the

Manson–Coffin law at 900 �C and at room temperature in

the low-amplitude domain. The fatigue ductility exponent

close to c * -1 is referred in some Ni-base superalloys [5,

13, 15, 41], but its value over many metallic materials lies

around -0.6 [5, 42]. The value c = -1 implies the

cumulative plastic strain to fracture is independent of the

plastic strain amplitude. Plastic strain amplitude at a given

number of cycles to fracture in Inconel 792-5A with its

over 50 vol.% of hard precipitates is almost two orders of

magnitude lower in comparison with simple ductile metals,

e.g., 316L stainless steel [43]. It is accommodated pre-

vailingly in the softer c solid solution with the exception of

the high strain domain at room temperature. Density of slip

markings at 900 �C and in the low-amplitude domain at

room temperature is very low. Recently, Obrtlı́k et al. [44]

have reported detailed study of surface relief topography in

h001i-oriented single crystal CMSX-4 and have shown that

only about every 20th horizontal c channel forms a clear

slip marking. This finding, though not documented in

polycrystals, helps to clarify the low plastic strain in some

superalloys. Mughrabi [45] has shown that the average

plastic strain in PSBs in the plateau regime of single

crystals does not depend on the applied plastic strain

amplitude. Application of this finding to the localized

regions in the Inconel 792-5A c solid solution supports

high absolute value of the fatigue ductility exponent.

Namely, pronounced strain localization in the superalloy

leads to the low probability of interaction between

individual localized regions which results in the indepen-

dence of cumulative plastic strain to fracture from the

applied plastic strain amplitude and in the fatigue ductility

exponent close to -1. Moreover, the presence of casting

defects in the material makes the strain localization more

intensive and thus contributes to the high absolute value of

the fatigue ductility exponent in the low-amplitude domain.

There is a large scatter of experimental points in the

fatigue life curves. An important component of the scatter

can be related to the influence of casting defects in the

material. The casting defects substantially reduce crack

initiation period due to stress concentration. The scatter

turns out to be particularly pronounced in the high cycle

fatigue of cast large grain superalloys [46, 47]. Moreover,

the low number of grains present in the gauge length can

result in different stress–strain response of individual

specimens. The axial applied stress r can be related to the

average resolved shear stress �s by the relation r ¼ �s=le

where le is an effective Schmid factor that depends on the

plastic strain [5, 48]. By analogy, the axial plastic strain ep

is proportional to average resolved shear strain �cp accord-

ing to the relation ep ¼ le�cp: When le fluctuates from

specimen to specimen due to low number of grains present

in the gauge length then the same value of axial stress or

strain results in different value of �s or �cp which contributes

to the scatter observed in fatigue life curves of Inconel

792-5A.

Conclusions

The following conclusions can be drawn from the detailed

study of low cycle fatigue behavior of polycrystals Inconel

792-5A at room temperature and at 900 �C:

1. High-amplitude straining is characterized by initial

slight hardening followed by saturation at room

temperature and sustained weak softening at high

temperature. Low-amplitude cycling results in the

stable stress response.

2. The Basquin curve and the cyclic stress–strain curve

depend strongly on temperature. Weak temperature

effect is apparent on the Manson–Coffin curve in the

high-amplitude domain.

3. Cyclic plastic strain localization into PSBs lying

parallel to {111} planes was observed at both

temperatures.

4. Surface morphology of PSMs depends on temperature.

PSMs are straight at room temperature and wavy at

900 �C. Extrusions within PSMs are several times

higher at 900 �C than those at room temperature.

5. Temperature dependence of the extrusion height

supports vacancy models of surface relief formation.
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