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Influence of surface roughness on the hIgh temperature /hIgh straIn low cycle  
fatIgue behavIor of nIckel-based superalloy rene®80 

since fatigue cracks nucleate and initiate generally at the surface of the rotary components such as blades and discs, the sur-
face condition is the most important factor affecting the fatigue life. surface scratches are suitable sites for stress concentrations 
and therefore the nucleation stage of fatigue cracks will be shortened. in the present work, the influence of surface roughness on 
the low cycle fatigue life behavior of nickel-based superalloy rene®80 at the temperature of 900°C was evaluated. results of low 
cycle fatigue tests (LCF) under strain-controlled condition at 900°C for R = εmin /εmax = 0 and strain rate of 2 ×10–3 s–1, at a total 
strain range of 1.2% showed an inverse relationship between fatigue strength and surface roughness of the specimens. in this study, 
increasing the surface roughness of rene®80 from 0.2 μm to 5.4 μm led to the decline in the final LCF life from 127 cycles to 
53 cycles which indicated a 58.3% reduction in fatigue life at the same condition. Fractography evaluation also exhibited that fa-
tigue cracks initiated from the notch in the rough specimens, whereas in the smooth specimen fatigue cracks nucleated from the 
internal imperfections and carbides. 
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1. Introduction

Progress in the reliable assessment of low cycle fatigue 
life (LCF) of rotary components will decrease overhaul costs of 
turbojet engines. Polycrystalline cast rene®80 is a precipitation-
strengthened nickel-base superalloy that is employed in the 
manufacturing process of jet engine turbine blades [1]. the most 
common failure mechanisms exist in the aviation turbine blade 
includes different type of fatigues such as high cycle fatigue 
(hCF), low cycle fatigue (LCF), thermo-mechanical fatigue 
(tMF) and thermal fatigue (tF) [2, 3]. in the hCF phenomenon, 
not only residual stresses but also surface roughness, play an 
effective role in the fatigue life. on the other side, in the LCF 
condition surface roughness alone is the most important factor. 
Under high tensile stresses, the residual stresses rapidly relax 
and so have negligible effect on the LCF life [4]. However, in the 
literature, LCF has been mentioned as the major failure mode of 
the aviation turbine blades and wheels [5-8]. Since LCF cracks 
generally initiate on the part’s surface, the surface roughness of 
a rotating part plays an important role in its LCF strength. thus, 
systematic investigation of the effect of the surface roughness on 
the LCF life can be very beneficial. a review about the related 
investigations revealed that in spite of some researches on the 

surface roughness effect on the fatigue life of the steel, titanium 
and aluminum alloys [9-16], a few evaluations have paid to the 
effect of this parameter on high temperature/high strain LCF 
life of the nickel-based superalloy (especially rene®80). huang 
and Ren [4] stated that the residual stress, surface roughness 
and surface hardening of machined surface were the defining 
parameters affecting the fatigue performance. the results of their 
work showed that under the condition of LCF, surface roughness 
plays the main role and surface hardening has an undesirable 
effect on the fatigue life of the nickel-based superalloy Gh33a, 
while the residual stress can be neglected because of its relaxa-
tion under the applied loads. 

hCF tests have been conducted on nickel-based superal-
loy Inconel 718 specimens with different surface roughness at 
ambient temperature by Javadi et al. [17]. The summary of this 
study showed that a valley material component (Mr2), as one 
of the amplitude distribution parameters, is the most applicable 
factor for the hCF life of machined specimens.

the effects of machined surface integrity on the LCF 
life of Inconel 718 at 650°C have been evaluated by Ren et 
al. [18]. according to the results of this research, the LCF life 
of the specimens was directly related to its surface roughness. 
in the scope of turning parameters of the experiments in this 
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investigation, the cutting speed and feed rate could be selected 
80~110 m/min and 0.10~0.12 mm/rev respectively, to attain 
a better high temperature LCF life.

the LCF response of Waspaloy, a nickel-based superal-
loy, has been studied by ardi et al. [19]. in this research, three 
types of fatigue specimens with various surface roughness have 
been prepared and then LCF tests have been run. they found 
that LCF life is sensitive to the height of surface roughness as 
well as the orientation of the topological features relative to the 
loading direction. 

as seen, there have been a few studies of the effects of 
surface roughness on the LCF life of nickel-based superalloys. 
however, in those researches have not been studied about the 
effect of various kinds of surface roughness on the LCF life of 
nickel-based superalloy rene®80. the present study is to search 
a quantitative correlation between the surface roughness and 
the LCF life of this superalloy through experiment test. in this 
research, four different roughness ranges for a similar level of 
residual stress results are gathered to isolate the effect of rough-
ness on LCF life. this is to make better understanding on how 
the finishing procedure impacts the LCF life of the aviation/ 
industrial rotary components.

2. experimental procedure

the alloy selected in the presented work was nickel-based 
superalloy rene®80. the main chemical composition of the 
alloy is provided in table 1, as determined by a quantometer 
(spectroscopic) device. 

Cylindrical rods, 25 mm in diameter and 120 mm in 
length, were produced by investment casting. then, bars were 
solution-heat treated at 1205°C for 2 h to dissolve primary γ' 
(strengthening precipitates) and eutectic regions in the as-cast 
structure and also homogenize the substrate γ phase [20]. how-
ever, after solution-heat treated, due to dissolve of the γ' phase, 
the hardness of rene 80 will be decreased automatically. this 
step is the best stage for machining of this superalloy. it should 
be mentioned that the high value of hardness affects the forma-
tion of residual stress on the surface during the machining [4]. 
after solution heat-treatment, fatigue specimens, 20 mm in 
diameter and 105 mm length were machined out of the rods 
using a computerized numerically controlled (CNC) machine 
as per astM e606 (Fig. 1).

LCF specimens were first turned in the same cutting param-
eters of feed rate (0.35 mm/rev), cutting speed (75 m/min) and 
depth of cut (0.6). the cutting tool which was used for turning 
process was bare tungsten carbide. 

after the machining process, the surface roughness (Ra – sur-
face roughness in terms of arithmetic average) of the specimens 

was measured about 5.8-6.5 µm. Ra can indicate both the micro-
scopic geometric features and the height of convex peak [11].

heat treatment of the fatigue specimens was completed 
according to ge-C50TF28 (class-a) specification [20,21] to 
increase the hardness and obtain the optimum mechanical proper-
ties. Fig. 2 shows schematically the Ge class-a heat treatment.

Fig. 2. schematic illustration showing the heat treatment of nickel-based 
superalloy rene®80 [20]

then, around the gauge area of fatigue specimens were 
sanded by using #100, #400 and #600 sand papers to obtain an 
average roughness 5.4 μm, 3.2 μm and 1.5 μm. The LCF test 
on the standard specimen with 0.2 surface roughness, as Fig. 1, 
also performed (mechanical polished up to a mirror finish). the 
surface roughness of the gauge area of fatigue specimens was 
measured by Mitutoyo roughness profile-meter according to 
dIn 4768. It should be mentioned that the surface roughness 
under each condition has been measured from four positions, and 
the Ra is the average of four data points. Because of the machin-
ing parameters for all of the specimen were uniform, therefore 
the effect of the residual stress can be neglected.

also, soundness of the fatigue specimens after investment 
casting and machining have been examined by non-destructive 
testing (Ndt). 

For observation of the fractured surface and microstruc-
tures, optical microscope (oM – LeICa MeF4a model) and 
scanning electron microscope (SeM – Zeiss Supra 55 model) 
equipped with energy dispersive spectroscopy (eds – oxford 

taBLe 1

the chemical composition of rene®80 (%wt)

c cr co mo w al ti fe Zr v b si mn ni
0.16 13.81 9.69 4.23 4.02 3.02 4.87 0.12 0.05 0.05 0.02 0.02 0.03 bal.

Fig. 1. dimensions of the standard fatigue test specimen according to 
astM e606 standard [3]
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model) examinations were performed. the polished samples for 
oM/seM characterization were etched in a solution with 10 gr 
Cuso4, 50 mL HCl and 50 mL H2o (Marbel solvent).

Phase identification and residual stress measurement were 
carried out by X-ray diffraction (Xrd) method by using an inel 
equinox 6000 with X’Pert High Score Plus v2.0, Cu kα1 with 
Graphite monochromator, 2θ = 10° to 90°.

hardness of alloy (in Vickers scale) was measured by use 
of automatic akashi hardness tester equipped with Clemex 
software, according to aSTM e384.

a computer-controlled tensile testing apparatus (adelayt 
testing Machine model), having a 100 kN load cell, was used 
for tensile testing of the superalloy rene®80. tensile tests were 
performed with a constant strain rate of 1.6 ×10–4 s–1, in accord-
ance with astM e21 standard procedure at 900°C. it should 
be mentioned that the equipment which was used for tensile 
test was equipped with an electrical furnace that could apply 
temperatures up to 1000°C±1. Finally, the LCF test of rene®80 
specimen was carried out in a fatigue component system (servo-
hydraulic instron fatigue test machine-8800 with a maximum 

capacity of 100 kN). this apparatus equipped with an electri-
cal furnace (1000°C±1) and a high temperature extensometer 
(epsilon model) used to perform high temperature fatigue tests 
in strain control mode. tests were conducted with a strain ratio 
R = εmin /εmax = 0, strain rate of 2×10–3 s–1, total strain (ΔƐt) of 
1.2% and tensile-tensile triangular wave at 900 °C according to 
astM e606 standard. Before running the test at high tempera-
ture, the specimens were permitted to come to thermal balance 
for 15 minutes at ΔƐt = 0. 

3. results and discussion

3.1. microstructure and hardness of the superalloy 
rene®80

the oM micrograph and seM image of the cast rene®80 
are exhibited in Fig. 3. the microstructure of the rene®80, after 
fully heat treatment, consists of the primary (cubic) + secondary 
(spherical) γ' (strength precipitation) (Fig. 3a), γ matrix phase, 

Fig. 3. Nickel-based superalloy rene®80 (a) seM image of primary and secondary γ' phases (after fully heat treated); (b) oM micrograph of 
dendritic region (as cast); (c) eds result of MC Phase; (d) eds result of M23C6 Phase and (e) eds result of M6C phase
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carbides (M23C6 type + MC type + M6C type) and borides 
(rich in the Mo, W, Cr, and Ni) that were formed during the ag-
ing process [2,20]. the dendrite segregation region of as-cast 
rene®80 is also shown in (Fig. 3b). heavy elements such as 
W and Mo were segregated at the core of dendrite, while al 
and ti elements enrich in the inter-dendrite region [1, 20]. MC 
carbides have an FCC structure and create during solidification, 
with the reaction between reactive element, such as ti, W, Mo, 
and C. MC with blocky morphology (inset in Fig. 3c) have an 
incoherent interface to the matrix. they are found both inside the 
grains and at the grain boundaries. on the basis of eds result 
(Fig. 3c), the formation of ti-rich MC carbide in the as-cast 
microstructure of rene®80 has distinguished. No other carbide 
of any kinds was determined in the as-cast microstructure. on 
the other side, the presence of the γ, γ' and MC phases before 
carrying out the solution heat treatment has also been approved 
by XRd (Fig. 4), wherein the related peaks to the γ, γ', and MC 
phases are shown. according to this figure, the related peaks 
to the γ and γ' phases overlap because of the small difference 
between their lattice parameters. the presence of these phases 
in the microstructure of as-cast rene®80 has also been reported 
by other researchers [2, 20]. 

during the heat-treatment or service of cast nickel-based 
superalloy rene®80, MC carbides decompose to M23C6 (between 
760-980°C) and M6C (between 815-980°C) carbides as follows: 
MC + γ → M23C6 and/or M6C + γ' [20, 22]. 

M23C6 carbide with the script morphology (see the inset 
figure in Fig. 3d) and FCC structure, is rich of Cr and precipi-
tates along the grain boundary. on the other hand, M6C carbides 
have a complex cubic structure and also precipitate on the grain 
boundary (see the inset figure in Fig. 3e). due to M6C carbides 
are stable at high temperature, they play an important role in 
the high temperature strength of superalloys. the probability of 
formation of M6C carbides is high in the superalloys contain-
ing more than 6% Mo plus W (taBLe 1). the determination 
of M23C6 and M6C is difficult because they are very similar to 
each other. however, due to the difference between chemical 
compositions of carbides, sometimes the type of carbides can 
be determined by their colors. For example, it is reported that 
M6C carbides appearance in the microstructure brighter than the 
other carbides [2, 20]. By means of seM/eds technology the 
chemical composition of M23C6 and M6C carbides have been 
detected and the results have been shown in Fig. 3d and Fig. 3e,  
respectively.

due to segregation of the solute elements in the casting step 
and formation of large area of dendrite region, the hardness of the 
alloy after casting was very high and reported 343±20 Hv. after 
the primary aging heat treatment (first precipitation) and fully 
heat treatment of polycrystalline rene®80, the values of hardness 
were measured and reported 278±20 Hv and 390±10 Hv, respec-
tively. also, the grain size and the total (primary + secondary) γ' 
average volume fraction of polycrystalline rene®80, after fully 
heat-treatment, were measured and the results were equaled to 
# 4 (in accordance with aSTM e112-96) and 51-55% (measured 
with Clemex image analyzer v3.5), respectively. In addition, the 

average of γ' size was measured about 0.54-0.56 µm. It should 
be noted that a reduction in the grain size of the alloys lead to 
the decrease of the surface roughness [6,7]. 
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Fig. 4. XRd results of as-cast nickel-based superalloy Rene®80

3.2. low cycle fatigue behavior

the roughness curves of the LCF specimens are shown in 
Fig. 5. as seen from Fig. 5, the height and depth of the peaks 
and valleys are within the range of −1 μm to +1 μm for the 
specimen with roughness Ra = 0.2 μm, while this distance are 
within the range of −20 μm to +20 μm for the specimen with 
roughness Ra = 5.4 μm. 

Fig. 5. Roughness curve of Rene®80 (a) Ra = 0.2 μm; (b) Ra = 1.5 μm; 
(c) Ra = 3.2 μm and (d) Ra = 5.4 μm

the severity of surface roughness created in various speci-
mens is shown in Fig. 6. as shown in Fig. 6(a), the surface of 
the polished LCF specimen is smooth. some abrasive marks 
can be observed, on the surface of a specimen with roughness 
Ra = 1.5 μm (Fig 6(b)). Because the roughness affects the re-
flection of light, an alteration in roughness will seem as a line 
(beach marks) [23]. these abrasive marks have been created 
deeply on the surface of specimens with roughness Ra = 3.2 μm 
and Ra = 5.4 μm (Fig 6(c) and Fig 6(d)). depending on the grit 
paper number used in the process, the desirable roughness on 
the machined specimens (with roughness Ra = 5.8 μm-6.5 μm) 
can be developed. 
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Before the LCF testing, the residual stresses of all speci-
mens have been measured and the results were reported between 
(–118 MPa)-(–126 MPa). it should be mentioned that the mag-
nitude of residual stress was uniform for all of the specimens. 

LCF tests on the rene®80 specimens with different surface 
roughness at 900°C and total strain range (ΔƐt = ΔƐe + ΔƐp) of 
1.2% have been performed and the results have been tabulated 
in taBLe 2, where ΔƐe is the elastic strain, ΔƐp is the plastic 
strain, σmax is maximum cyclic stress, σmin is minimum cyclic 
stress, Ni is the number of cycles by which the first downfall in 
the alloy strength is seen (crack nucleation), and Nf is the number 
of cycles to failure.

Cyclic stress-strain behavior of alloys is depicted to clarify 
the insufficiency of the monotonic or tensile stress-strain curve in 
explanation for alloy instabilities caused by cyclic deformations.

in this research, tension test was performed on the standard 
specimen at 900°C. Monotonic stress-strain curve of nickel-
based superalloy rene®80 at 900°C is shown in Fig 7. The 
performing of tensile (monotonic stress-strain) test leads to the 
reduction of low-cycle fatigue test time considerably.

the ultimate tensile strength (Uts) and yield strength 
(ys) of this superalloy were measured 610 MPa and 442 MPa, 
respectively. the percentage of elongation to fracture, was also 
measured and reported equal to 9.6%. the monotonic tensile 
yield strength and ultimate strength of superalloy rene®80 
remain unaffected by surface roughness.
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Fig. 7. Monotonic stress-strain curve of Rene®80 at 900°C

as is evident from taBLe 2, there is a direct quantitative 
correlation between surface roughness and low cycle fatigue 
behavior. the increase in surface roughness led to the decline 
of the low cycle fatigue life of rene®80, at 900°C. in other 
words, the LCF life has an inverse proportionality with the 
surface roughness.

as can be observed from taBLe 2, at the total strain of 
1.2% and at the temperature of 900°C, the most marked differ-

Fig. 6. Micrographs of specimens with different surface roughness. (a) Ra = 0.2 μm; (b) Ra = 1.5 μm; (c) Ra = 3.2 μm and (d) Ra = 5.4 μm
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ence was recorded between Ra = 5.4 μm and Ra = 0.2 μm. The 
number of cycles tolerated by the specimen with Ra = 0.2 μm 
(smooth surface) up to failure (Nf ) was 127 cycles, while the 
corresponding number to the specimen with Ra = 5.4 μm (rough 
surface) was 53 cycles, indicating 58.3 % decrease in the number 
of tolerated cycles by specimen with rougher surface. the decline 
in fatigue life that ensues from surface roughness is handily 
depicted by the ratio Nf (R) /Nf (S), where Nf (R) is the number 
of cycles to failure for a specimen with roughness R (Ra = 5.4 
μm), and Nf (s) is the fatigue life of a specimen with a smooth 
surface (Ra = 0.2 μm). This quantity was calculated 0.42 (53/127) 
in this study which indicated 58% reduction in fatigue life of 
rough specimen. Besides, the results which are inserted in ta-
BLe 2 show that the ratio (Ni/Nf ) is greatly affected by surface 
roughness condition. this ratio for Ra = 0.2, 1.5, 3.4 and 5.4 was 
calculated 0.93, 0.9, 0.83 and 0.8, respectively. this parameter 
show that the crack initiated in the rougher specimen sooner 
than smooth specimen. 

taBLe 2

results of low-cycle fatigue test on rene®80 specimens  
with different surface roughness 

(ΔƐt (%) = 1.2, R = 0, Ɛ̇ = 2×10–3 s–1, T = 900°C)

NfNi
σmin 

(mpa)
σmax 

(mpa)
specimens surface 
roughness Ra (μm)

127118–412.1719.2
0.2

119111–415.6710.8
114103–429.4727.4

1.5
109100–434.2730.6
7260–452.7755.8

3.2
6856–457.2759.5
5343–469.6776.1

5.4
4838–503.6781

Fig. 8 shows the stress-strain hysteresis loops, at the first 
cycle, at ΔƐt (%) = 1.2 and at the temperature of 900°C for the 
specimens with Ra = 0.2 and Ra = 5.4. The combined output of 
the extensometer and load cell supplied the strain-cycle trace 
from which the hysteresis loop is created. the area of the hys-
teresis loop is equal to the work performed or the energy loss 
per cycle [24]. There are a few slip systems, at the first cycle Ni, 
and dislocations are accumulated in the γ phase due to its lower 
strength compared to the γ' phase. increasing the number of cy-
cles during fatigue test, could lead to an increase in the quantity 
of slip systems, therefore, the concentration of dislocations is 
also increased. Upon dislocation-dislocation interactions, the 
strength of the rene®80 reduces and the specimen is neglected 
at the Nf cycle [2, 25].

as seen from taBLe 2 and Fig. 8, the specimen 
with Ra = 5.4 μm has tolerated the maximum stress range 
(Δσ = σmax – σmin). This value is equal to 1245.7 MPa. also, the 
minimum stress range belongs to the specimen with Ra = 0.2 μm 
which equals to 1131.3. in other words, the smoothness speci-
men which tolerated a lower stress level, indicating improved 
fatigue life. Fig. 8 also shows that the smoothness specimen 

(Ra = 0.2 μm) tolerated a lower plastic strain in comparison with 
the rough specimen (Ra = 5.4 μm). 

tan et al. [12] mentioned that the geometrical notch stress 
concentration factor (Kt) caused by surface roughness is greater 
for the rough surface specimens than smooth surfaces. the stress 
concentration factor can be characterized as Kt = 1 + 2[γ (Rz /ρ)] 1/2 
[10,23]. Where γ equals to one, Rz is the maximum height of the 
profile and ρ is the actual profile valley radius of the surface 
texture. the rougher specimens have a larger Rz and a lower ρ. 
thus, it can be undoubtedly resulted that the quantity of Kt is 
high in the rougher specimens. the stress amplitude in the notch 
can be obtained from the multiplication of stress concentration 
factor by strain amplitude [10]. 
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Fig. 8. hysteresis stress-strain loop at the first cycle for rene®80 with 
the surface roughness of Ra = 0.2 μm and Ra = 5.4 μm (T = 900°C and 
ΔƐt (%) = 1.2).

according to the mentioned explanations, during LCF test, 
greater local stress-strain field was created in the specimen with 
high surface roughness. Because of the presence of this high 
stress level, the decrease of endurance limit was occurred and 
as a result, fatigue life was reduced in this specimen. in other 
words, stress concentrations give rise to crack initiation. in most 
cases, fatigue cracks initiate in regions of stress concentration, 
such as scratches, notches and other flaws of surfaces where the 
cyclic plastic deformations are higher than average. however, 
cracks do reduce the load-bearing area of the specimen and hence 
decline the fatigue strength of the alloy. therefore, it would be 
anticipated that any measures that reduce stress concentration can 
guide to meliorated fatigue life. as stated earlier, surface rough-
ness is described as a preferred location for crack nucleation. the 
fatigue life is usually divided by two sections: (1) crack initiation 
and (2) crack growth [23,24]. However, a slip step penetrates 
through a free surface and roughness on the surface is a favorable 
condition for crack initiation period. a very applicable reason 
is the inhomogeneous stress distribution (stress concentration) 
due to geometric discontinuity (surface roughness). after cracks 
initiation period, the micro-cracks connect together and create 
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an inhomogeneous stress distribution on a micro-level, with 
a stress concentration at the tip of the micro-cracks. as a result, 
more than one slip system may be activated [23,24]. In general, 
micro-cracks grow perpendicular to the loading direction. the 
presence of micro-cracks on the surface also lead to decrease 
in the load bearing cross section and therefore the remaining 
surface of the specimen tolerated a higher stress. it means that 
increasing surface roughness maximizes, local stress raisers. 
therefore, the specimen with higher quantity of surface rough-
ness (Ra = 5.4 μm) failed at the shortest time. 

3.3. fracture surface morphology evaluation

the fracture surfaces of the specimens after LCF test were 
evaluated by scanning electron microscope. all of the LCF 
specimens showed fatigue striations; examples, at the different 
magnification, are presented in Fig. 9. the largest portion of 
a fatigue fracture consists of crack growth. the fracture morphol-
ogy of this step may show beach lines known as stable fatigue 

striations. each striation is produced by one cycle of stress. 
the fatigue striations are normal to the crack propagation path 
ascertained far from crack initiation location [2,23]. 

as noted earlier, the surface scratches are eligible sites of 
crack initiation, and therefore, they can effectively destroy the 
LCF property of the alloy. surface roughness also plays the role 
of notch on the surface of the specimens, therefore, in the rough 
specimen, the highest stress took place at the notch and each 
notch will be a potential location for micro-cracks. it is also 
reported in the literature [23,25] that a surface roughness results, 
leading to the stress concentrations at the grain boundaries. this 
stress concentration can finally make de-cohesion along the grain 
boundary. on the other side, at high-temperature LCF, the grain 
boundary will be oxidized [26]. such results (stress concentra-
tion + grain boundary oxidation) propose a weakening of grain 
boundaries and consequent formation of preferential crack paths 
along the boundaries. 

it has been reported that surface roughness has directly 
affected on oxidation resistance of the superalloys. a reduction 
in surface roughness, lead to an increase in oxidation resistance 

Fig. 9. seM (secondary electron) images of (a) fatigue striations (Ra = 0.2 μm); (b) fatigue striations at higher magnification

Fig. 10. surface of the specimen after LCF test at T = 900°C, R = 0, 
ΔƐt = 1.2% (a) rough specimen (Ra = 5.4 μm); (b) smooth specimen 
(Ra = 0.2 μm)

[27-29]. The outward diffusion of aluminum grows with the rise 
of surface roughness. hence, the level of aluminum concentra-
tion reduces with the enhancement of surface roughness when 
the selective oxidation of aluminum takes place to produce 
a protective α-al2o3 scale [28]. thus, it can be expected to 
record the minimum oxidation resistance for the specimen with 
high level of surface roughness (Ra = 5.4 μm). Thick oxide layer 
(≈25.64 μm) which has been formed on the surface of a rough 
specimen (Ra = 5.4 μm) during the LCF test (Fig. 10(a)) as 
compared to thin oxide layer (≈ 15.4 μm) on the surface of the 
smooth specimen (Ra = 0.2 μm) (Fig. 10(b)), has high contents 
of nickel, aluminum and titanium.

these elements are the main elements which exist in the 
composition of γ′ (Ni3 (al, ti)) phase (strengthening precipi-
tates). thus, the surface of the bare alloy will be denuded of 
γ′ phase at high temperature [26]. due to the depletion of the 
near-surface area from γ′, the alloy strength decreases, providing 
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a basis for more micro-crack initiation. in addition, in the present 
study, due to high strain (1.2%), breakage of the brittle oxide 
layer will be occurred easily and therefore, the fresh surface of 
alloy will oxide frequently. Finally, the thick oxide layer will 
be formed on the surface. oxidation decreases fatigue life by 
means of affecting crack initiation and growth behavior at high 
temperature as 900°C. the formation of a thick oxide layer on 
the surface of bare nickel-based superalloy during the low cycle 
fatigue test has also been reported by other researchers [30,31]. 

Flow chart indicating the reasons for LCF life reduction due 
to surface roughness increasing is shown in Fig. 11.

although crack nucleated from the outer surface of the 
specimens with Ra = 5.4 μm, 3.2 μm and 1.5 μm (Fig. 12(a) and 
(b)), crack initiated from the inner imperfections in the smooth 
specimen (Ra = 0.2 μm) (Fig. 12(d)). 

Fig. 11. Flow chart showing the effect of surface roughness increasing 
on LCF life

Fig. 12. seM (secondary electron) images of fracture surface of (a) LCF specimen with Ra = 5.4 μm; (b) LCF specimen with Ra = 3.2 μm; (c) 
Magnified view of “a” area; (d) LCF specimen with Ra =0.2 μm; (e) Magnified view of “B” area (T = 900°C, R = 0, ΔƐt = 1.2%).
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the LCF failure in the as-polished (smooth) specimens 
initiated from internal defects (Fig. 10(b) and Fig. 12(d)) or 
carbides. the eds analysis indicated that tiC was the carbide 
type which crack initiated from it (Fig. 13).

it should be mentioned that no difference was evident 
from the fracture surface of the specimens with Ra = 3.2 μm 
and 1.5 μm. on the other hand, the number of initiation sites 
is more for the specimen with a surface roughness of 5.4 μm 
(Fig. 12(a)) than for that with a surface roughness of 3.2 μm and 
1.5 μm (Fig. 12(b)). This phenomenon reduces the load bearing 
cross section; therefore, the specimen cannot withstand with the 
applied stress anymore and finally, LCF life of a rough specimen 
will be declined.

Fig. 13. eds analysis at Point C of Fig. 12(e)

the crack propagation properties, such as crack shape 
(sharp and inclined cracks propagate in the perpendicular di-
rection from the loading direction), for all of the specimens 
are almost the same. therefore, it could be concluded that the 
difference between the LCF lives of the specimens with differ-
ent surface roughness is independent of the crack propagation. 
it means that even if surface roughness is a cause of crack ini-
tiation, its influence on crack growth is less evaluative. in other 
words, although the surface roughness accelerates the fatigue 
crack initiation, there is no effect on the fatigue crack propaga-
tion. this result is in accordance with the result of Fujimura et 
al. research [9].

also, fracture surface analysis indicates a mixed mode 
of ductile (dimples) and brittle (cleavage) failure under cyclic 
loading at T = 900°C and ΔƐt (%) = 1.2 in all of the specimens. 
Cleavage area which is more related to the celerity of fracturing 
[23], was observed more in the specimen with Ra = 5.4 µm than 
the other specimens. the cleavage and dimples morphology have 
been shown in Fig. 12(d) and Fig. 12(e).

it was clarified by the results of this study that surface qual-
ity control of the rotating parts is very important. this quality 
control procedure should be accurately implemented to prevent 
surface defects or roughness. otherwise, the fatigue life will 
be decreased several times less than standard smooth speci-

men data. therefore, the surface roughness is a very significant 
concept in the design calculations. extreme care must be taken 
to avoid or to remove machining marks or scratches, normal to 
the loading direction.

4. conclusions

in this work, low cycle fatigue tests with different sur-
face roughness states of nickel-based superalloy rene®80, at 
(T = 900°C, R = 0, ΔƐt = 1.2%) were carried out. the effect of 
magnitude of surface roughness on LCF life was evaluated. the 
major results are as follows:
1 – the LCF data of rene®80 alloy regarding the surface rough-

ness indicate that the surface roughness has an important 
influence on the fatigue life. the specimens with a smaller 
surface roughness have a longer LCF life.

2 – the LCF life reduction for the specimens with surface 
roughness of 1.5 μm, 3.2 μm and 5.4 μm compared to 
the smooth specimen (Ra = 0.2 μm) is determined 10.2%, 
43.3% and 58.3%, respectively. In other words, decreas-
ing the surface roughness from 5.4 μm to 0.2 μm led to 
the improvement in the final LCF life of rene®80 from 
53 cycles to 127 cycles, which show about 42% betterment 
in the LCF life.

3 – the fracture surface analysis exhibit that, although cracks 
nucleated from surface scratches in the rough specimen 
(Ra = 1.5 μm, Ra = 3.2 μm and Ra = 5.4 μm) cracks initiated 
from internal defects and carbides in the smooth specimen 
(Ra = 0.2 μm). on the other hand, the crack nucleation sites 
on the surface of the specimen with Ra = 5.4 μm were more 
than the other specimens.
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