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Surface nanostructure was developed on the peak aged IN718 superalloy using surface mechanical attrition
treatment (SMAT) and its influence was studied on low cycle fatigue (LCF) behaviour. The gauge section of LCF
samples was SMATed with steel balls of 3 mm for the duration of 5 min at constant frequency of 20 kHz using
StressVoyager to modify the surface. Surface grains of 36 um were refined to ~49 to 73 nm following SMAT.
Strain controlled cyclic tests were performed for the non-SMATed and SMATed samples at = Ae,/2 from +

0.50% to + 1.0% at strain rate (€) 1 x 10~ 2 s~ ! under reversed loading (R = -1) at room temperature. LCF life
of the SMATed specimen at Ae,/2 = = 0.50%, was enhanced by more than twice that of the non-SMATed

specimen.

1. Introduction

The alloy IN718 was developed for application at elevated tem-
perature up to 650 °C [1,2]. Ni-base superalloys are widely used for
structural components at high temperature, especially where creep and
fatigue are the important deformation modes such as turbine blades and
discs in gas turbine engines, because of its good oxidation resistance,
high yield strength, and good weldability. It is a precipitation hard-
enable alloy; precipitate phases y’ Niz(Al, Ti) and mainly y”(Ni3Nb)
cause strengthening of the austenitic gamma (y) matrix [3]. Fatigue
strength of materials is one of the important factors for aerospace ap-
plications. Fatigue life is known to be affected by multiple variables
such as microstructure of the surface and substrate, residual stress and
surface roughness [4]. Approximately 90 present failures of engineering
components occur due to fatigue [5], therefore, it is essential to modify
the surface and improve the resistance against fatigue failure [6,7].
Various processes have been used for modification of surface of com-
ponents, such as laser shock peening [8], conventional shot peening
(SP) [9], ultrasonic shot peening (USP) [10] and SMAT [11-13]
through inducement of compressive residual stress (CRS) and devel-
opment of fine-grained structure in the surface region. USP is also
known as SMAT that consists of impacting of shot at ultrasonic fre-
quency and causing extensive plastic deformation in the region close to
surface [14]. Fine-grained structure along with CRS induced in the
uppermost region of surface retards the process of fatigue cracks
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initiation and propagation [15].

Several reports have been made on fatigue life of aluminium alloys,
steels, titanium alloys and superalloys following shot peening
[7,16-18]. Klotz et al. [19] observed higher fatigue strength in the shot-
peened Inconel IN718 due to slow process of crack initiation. Prevey
et al. [20] found increase in cyclic life of alloy Ti-6Al-4Vand IN718 at
room temperature from grain refinement and inducement of CRS by
shot peening. Zhao et al. [21] studied impact of SP on fatigue behaviour
of the GH4169 superalloy at RT, 350 and 650 °C in air and reported that
fatigue life was enhanced from the change in the process of fatigue
crack initiation and propagation.

However, little attention has been paid on the role of SMAT on fa-
tigue crack initiation and propagation in the alloy IN718, following
surface modification. This investigation deals with influence of SMAT
on surface microstructure and LCF behaviour of the IN718 alloy at
room temperature.

2. Experimental details

Alloy IN718 was obtained from M/s Mishra Dhatu Nigam Limited,
Hyderabad, as hot rolled and annealed rod of 10 mm dia. Its chemical
composition is presented in Table 1. Blanks of 10 mm dia. and 110 mm
long were solution treated at 980 °C for 1 h and cooled in air to room
temperature (RT). Thereafter, solution treated blanks were given peak
ageing treatment (720 °C for 8 h, furnace cooled at 55 °C /h and heated
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Table 1

Composition of the alloy IN718 (wt%).
Fe Cr Nb Mo Ti Al Mn Si Cu S P Ta Co B Ni
19.53 18.4 5.17 3.1 1.04 0.49 0.1 0.2 0.014 0.002 0.005 0.002 0.01 0.004 Balance

to 620 °C for 8 h, and finally cooled by forced air to RT). Peak aged
blanks were SMATed for 5 min using the SMAT parameters shown in
Table 2. Microstructures of the specimens were characterized through
Metalux-3 optical microscopy, scanning electron microscope (FESEM
Quanta 200FEG) at 30 kV, following etching with solution of 5 g CuCl,,
in 100 ml HCI and 100 ml ethanol. Characterization of the refined
grains was carried out by TEM (TECNAI G* 20) at 200 kV. Thin foils
were prepared from the surface treated region carefully sectioned from
the substrate and mechanically polished from other side of the treated
surface, up to the thickness of ~50 um, and 3 mm discs were punched
out from the thinned slice. The 3 mm dia. discs were electro-polished
and thinned in the solution of 530 ml methanol, 170 ml perchloric acid
and 300 ml n-butanol, cooled to —30 °C, at 30 V, using a twin jet
polisher (Model: Struers Tenupol 5). Phase analysis and evaluation of
grain size was carried out by XRD using Cu Ka radiation of wavelength
1.5402 A with Ni filter. The residual stress was analysed using Sin® W
method with MnKa radiation tube.

Roughness profile of surface of the treated and non-treated samples
was evaluated using the roughness tester (Mitutoyo, model no. SJ410).

Table 2
Processing parameters for SMATing.

SMAT frequency Vibration Shot diameter Duration of
(kHz) amplitude (um) (mm) processing (minute)
20 80 3 5

35 35

VY VY VYN

PR

sk

Cylindrical fatigue samples with 5.5 mm dia. and 15 mm gauge length
were fabricated from the peak aged blanks. The geometry of the sample
is presented in Fig. 1. Gauge section of the fatigue samples was me-
chanically polished by emery papers of 400-1500 grit for removing
machining marks, if any. Surface of the polished fatigue samples was
subjected to mechanical attrition in a closed chamber by StressVoyager
(SONATS) to modify the surface. Samples were rotated (15 rpm) during
SMAT for uniform peening on the cylindrical surface.

Strain controlled fatigue tests were performed on the non-treated
and surface treated samples over different Ae/2 of = 0.50%, +
0.60%, + 0.80% and + 1.0%, at 1 x 102 s~ ! under reversed sym-
metrical loading (R = —1), using a servo-hydraulic MTS™ fatigue
testing machine (Model 810). Fractography of the fatigue tested sam-
ples was carried out using SEM. All the strain controlled tests were
repeated to check the reproducibility.

3. Results
3.1. Microstructural modification

Microstructure of the peak aged IN718 in the non-SMATed and
SMATed condition was characterized using optical microscope, SEM
and TEM. Optical micrograph of the non-SMATed sample revealed
equiaxed grains of ~36 pum mean intercept length (Fig. 2). SEM mi-
crographs showed initial microstructure of the alloy IN718 with quasi-
globular and needle-like incoherent NizNb (8-phase) particle, largely
lying along the grain boundaries and some in the grains (Fig. 3).
Transverse section of the SMATed sample is shown in Figs. 2b and 3b by
optical and SEM micrographs, respectively. The coarse grains of the
upper region of the SMATed specimen are refined up to ~200 um depth
from the treated surface. Deformation bands may also be seen in SEM
micrograph of the cross-section in top region of the treated surface
(Fig. 3b).These bands were developed in the top surface region fol-
lowing SMAT. The y” precipitates are uniformly distributed in the non-
treated sample. The 8 phase was preferentially along the grain bound-
aries of the austenitic matrix. It may be seen that § and y” phases are of
rod and disc shaped, respectively (Fig. 4a). The selected area electron
diffraction (SAED) pattern of the austenitic matrix is presented in
Fig. 4b. The y” precipitate is the main strengthening metastable phase
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Fig. 2. Optical micrographs of the peak aged IN718: (a) non-SMATed, (b) cross-section of the SMATed sample.
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SMATed Surface

Fig. 3. SEM micrographs of the peak aged IN718: (a) non-SMATed, (b) cross-section of the SMATed sample.

bands in the SMATed sample. Grain refinement on the treated specimen
was confirmed by partial rings in the SAED pattern (Fig. 4d). The
massive spots from diffraction in the discontinuous rings of the SAED

in this alloy [11]. The top treated surface region is shown in the TEM
micrograph (Fig. 4c). This region with refined grain is characterized by
homogeneous distribution of nanostructure along with twins and shear

Fig. 4. TEM micrographs of the peak aged IN718 and the respective SAD patterns: (a, b) non-SMATed, (c, d) SMATed.
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Fig. 5. X-ray diffraction of the non-SMATed and SMATed IN718 alloy.

Table 3
Surface roughness of the non-SMATed and SMATed samples of the alloy IN718.

S. No. Treatment Surface roughness (um)
duration (minute)
Ra Rq Rz
1. 0 0.032 = 0.01 0.207 *= 0.007 0.522 + 0.017
2. 5.0 1.556 + 0.03 2.254 + 0.032 7.732 = 0.076
Ra = average roughness, Rq = root mean square (RMS) roughness,

Rz = average maximum height of the profile.

pattern indicate a common crystallographic direction from voluminous
nanograins [22]. The size of the refined grains was ~49 to 73 nm in top
surface region of the SMATed sample.
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3.2. XRD analysis

The microstructural phases were analysed by XRD and profiles of
the non-SMATed and SMATed surface of the peak aged IN718 are
presented in Fig. 5 with peaks of y, y* and y”. It may be seen that there
was no phase change due to SMAT. The strengthening phases of Niz(Al,
Ti) and NizNb with FCC and BCT crystal structure are vy’ and y”, re-
spectively. It may also be seen that the Bragg diffraction peaks from the
treated specimen are broader than those of the non-treated one. Size of
the crystallite was calculated by the Scherrer and Wilson equation [23].

Bg(20) = 0. 9A/D cos(6) (@D)]

where, D is the average crystallite size, 6 the Bragg angle, A the wa-
velength of the X-ray radiation and fg(20)is peak broadening due to
grain refinement in the sample. The average size of the crystallite in the
treated sample was found to be ~87 nm.

3.3. Roughness

The average surface roughness (Ra) of the non-treated and treated
samples was 0.032 = 0.01 and 1.556 = 0.03 respectively. The Ra
value was determined by profilometer and was increased following the
surface treatment (Table 3). The profile of the roughness surface is
displayed in Fig. 6.

3.4. Residual stresses
The compressive residual stress (CRS) was analysed by Sin? W
method [24]. The residual stress peak was observed at the Bragg angle

(20) = 151.2° on the plane (311). The compressive residual stress was
773 MPa in top surface region of the treated samples.

3.5. Low cycle fatigue (LCF)

Strain controlled cyclic tests were conducted for the non-treated as
well as surface treated samples at RT at varying Ae;/2 of + 0.50%, =
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Fig. 6. Surface roughness profile: (a) non-SMATed (b) SMATed.
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Fig. 7. Cyclic stress response at different total strain amplitudes, at constant strain rate of 1 x 1073 s7 % (a) non-SMATed and (b) SMATed.

0.60%, = 0.80% and * 1.0%. The variation of the average cyclic stress
(Ao/2) with the number of cycles (N) is displayed in Fig. 7. It shows that
cyclic stress was higher in the treated sample as compared with that of
the non-treated one. Continuous cyclic softening may be seen from the
initial stage to failure at higher Ae;/2, in both the conditions. However,
initial hardening up to ~50 cycles was observed at the lower strain
amplitude (< = 0.60%) in the SMATed samples. Although, at the
lowest strain amplitude of = 0.50% the hardening regime can be seen
in between 100 and 300 cycles in the SMATed samples (Fig. 7b). LCF
life of the non-SMATed and SMATed samples is analysed using Cof-
fin-Mansion (C-M) equation correlating Ae,/2 with the number of re-
versal to failure (2Ny) [25].

AEP/Z = E'f (2Nf)c (2)

where, ¢'f and c are fatigue ductility coefficient and exponent, respec-
tively.

C-M plots of log (Ae,/2) vs log (2N¢) are shown in Fig. 8 and €'rand ¢
values are presented in Table 4.

Fig. 8 shows dependence of the 2N on Aep/2 for the non-treated as
well as the surface treated specimens. N¢ gradually increases with de-
crease in Aep,/2 for both, the non-treated as well as the treated samples.
The variation of fatigue life with different total strain amplitudes for
non-SMATed as well as SMATed may be seen in Fig. 9. Fatigue life of
the treated samples was slightly higher than those of the non-treated
ones at the highest strain amplitude (Ae/2 = =+ 0.80%), however, it
progressively increased with decrees in the Ae,/2 and was increased by
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Fig. 8. Variation of reversals to failure with plastic strain amplitude, at the
strain rate of 1 x 1073 s7 %,

Table 4
Numerical values of LCF parameters of the samples non-SMATed and SMATed.

Conditions Fatigue ductility coefficient (&) Fatigue ductility exponent (c)
Non-SMATed  0.768 -0.711
SMATed 0.411 —0.616

nearly twice at the lowest strain amplitude (Ae,/2 = = 0.50%). The
improved fatigue life of the SMATed sample reveals the influence of
surface nanostructuring and the induced CRS in the surface region.
SEM micrographs of cylindrical surface of the fatigue tested samples
in the non-treated and surface treated conditions, close to their fracture
ends, are shown in Fig. 10. It is may be noticed that the size of crack is
larger in the non-treated sample (Fig. 10a) with respect of those in
treated sample (Fig. 10b). Fracture surface of the non-treated and the
surface treated samples, tested at = 0.50% strain amplitude, and are
shown in Fig. 11. Fatigue striations are there on fracture surface of the
non-treated and surface treated specimens tested at = 0.50% strain
amplitude. Initiation of multiple cracks may be seen in the non-treated
and the treated sample in different areas of the fractured surfaces in
different directions. Fatigue striations were observed in the non-treated
fatigue tested specimen (Fig. 11b). However, tyre tracks features were
observed on fracture surface of the surface treated sample (Fig. 11d).
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Fig. 9. Variation of LCF life with total strain amplitude.
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Fig. 10. SEM micrographs showing surface cracks on circumferential surface close to fracture ends of the specimen, LCF tested at + 0.50% for: (a) non-SMATed, (b)
SMATed.
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Fig. 11. Fracture behaviour of the LCF samples tested at + 0.50% strain amplitude: (a, b) non-SMATed, (c, d) SMATed.
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4. Discussion

The surface nanostructuring and deformation twins observed in the
present investigation due to repeated multidirectional mechanical im-
pacts resulted high dislocation density along with twins which is fa-
vourable for formation of sub-grains. These sub-grains have high den-
sity of dislocations and can be further refined to nano level [26]. Many
processes have been used for refinement of coarse grained micro-
structure of metallic materials to nanoscale [4,6,8]. Refinement of the
surface grains of 50-90 pm to nano size of ~16 nm in the nickel-base C-
2000 alloy through severe plastic deformation at the strain rate of
1.2 x 10%s has been attributed to twinning [27]. Surface nanocrys-
tallization in the present investigation through SMAT at similar strain
rate was essentially due to the formation and intersection of twins
(Fig. 4c) in line with the earlier observations [28,29].

There was no change in the phase due to SMAT (Fig. 5). Therefore,
the microstructure obtained after SMAT is similar to non-SMATed
condition; however, it is refined at large extent. Roughness profile of
the treated specimen increased from impacts of shot media and creation
of depressions and pile-ups on the surface of the sample. The increment
in roughness from mechanical attrition treatment has also been re-
ported earlier [17]. Occurrence of compressive residual stress (CRS) in
the SMAT affected region is well established. It would have developed
from the non-uniform elastic-plastic deformation in successive layers
from the surface and the distortion of lattice caused by impact of hard
steel shots on the surface [15,30,31]. The magnitude of it depends upon
the process parameters of SMAT. The CRS induced in the SMAT affected
surface delays the process of crack initiation as well as microcrack
propagation in the affected region, reducing the effective tensile stress.

The low cycle fatigue life was enhanced from the surface treatment
due to surface nanostructure and the associated CRS [32]. The cyclic
stress response plots show decrease in the cyclic stress with number of
cycles at all the strain amplitudes; however, cyclic stress increases with
strain amplitudes, in the non-SMATed condition (Fig. 7a). The occur-
rence of cyclic softening in the non-SMATed condition from the very
first cycle may be attributed to disordering and shearing of the
strengthening precipitates of v’ and y” in line with the earlier ob-
servations [33].

On the other hand cyclic hardening during the initial stage at Ae,/
2 * 0.50% to + 0.80%, in the SMATed condition may be associated
with disorder state of strengthening precipitates and decrease in their
size in the SMAT affected region due to extensive plastic deformation.
In this condition the specimen is like a composite material, consisting of
inner core with order precipitates and the circumferential annual re-
gion, affected by SMAT, of nanosize grains and heavily damaged pre-
cipitates. Further, there is compressive residual stress in the SMAT af-
fected region.

However, there was cyclic softening at the highest strain amplitude
of + 1.0% in both the conditions (Fig. 7a, b). It is due to change in the
arrangement of dislocations [34]. Praveen and Singh [33] studied fa-
tigue behaviour of the IN718 superalloy at room temperature and ob-
served cyclic hardening followed by softening till fracture. However,
initial hardening can be seen at the lower strain amplitudes in the
SMATed samples. It governs the plastic deformation process which may
be credited by increment in the density of dislocations. However,
continuous cyclic softening behaviour may be attributed to slip and
shearing of y” and y” metastable strengthening precipitates by gliding
dislocations. Xiao et al. [35] and Fournier and Pineau [36] examined
low cycle fatigue tested samples using transmission electron microscope
and reported that softening in the alloy IN718 resulted from shearing of
v’ and y” strengthening precipitates. Figs. 8 and 9 show that fatigue life
was improved from the surface treatment and was approximately twice
at Ae,/2 = = 0.50%. It is due to increase in resistance of the material
against crack initiation because of grain refinement and the associated
compressive residual stress. As revealed by SEM, multiple cracks in-
itiated from the surface of the non-treated as well as surface treated
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sample tested at + 0.50% (Fig. 11). Tyre tracks features are evident on
fracture surface of treated sample (Fig. 11d). It may be noted that fa-
tigue crack propagation occurred without formation of striations. The
tyre track occurs due to fatigue crack propagation under combined
action of mode-I and mode-II or mode-III. Step like features in the re-
gion of tyre tracks show crack growth on different planes. Fatigue
striations result from crack growth predominantly in mode-I due to
plastic blunting and sharpening at the crack tip.

5. Conclusions

Nanostructure of grain size ~49 to 73 nm developed in surface re-
gion of the peak aged IN718 alloy up to a depth of ~200 pm from SMAT
with shots of 3 mm diameter. LCF life of the SMATed samples was re-
latively higher than those of the non-SMATed samples. LCF life of the
SMATed specimen in respect of that of the non-SMATed progressively
increased with decrease in the strain amplitude and the enhancement in
fatigue life was nearly twice at the lowest strain amplitude of + 0.50%.
It was due to proper combination of grain refinement, surface profile
and the associated compressive residual stress, in surface region of the
SMATed samples.
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