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Inconel 718 is a precipitation-strengthened Ni-based superalloy which finds
applications across a wide temperature range (up to 650°C). It shows excellent
yield strength, ductility, creep resistance and fatigue strength. Surface
treatment is known to improve the fatigue life of materials via nano-crystal-
lization of the surface layer. However, the precipitation behavior of the sur-
face-treated layer is largely unexplored. In this regard, the present study aims
to investigate and compare the precipitation in the surface-treated layer and
the bulk solution-treated IN718. The material is subjected to surface
mechanical attrition treatment (SMAT) after solution treatment and is fol-
lowed by a two-step aging treatment which promotes the precipitation of y”/y’
in the alloy. The precipitation behavior shown by the bulk and SMAT layer
was different. After aging, the bulk shows a microcrystalline y matrix con-
taining 7" precipitates, whereas the microstructure of the surface layer con-
sists of nanograins with nanotwins. No evidence of }”/y" precipitates were
observed in the SMAT layer. The formation of nanograins in the surface layer
after aging is attributed to recrystallization with controlled grain growth. The
differential microstructures due to the chosen processing route have resulted
in increased hardness of the surface layer and increased wear life of the
material.

INTRODUCTION

Inconel 718 is a high-strength Ni-based superal-
loy designed for moderate- to high-temperature (up
to 650°C) applications.® It is a precipitation-
strengthened material, where the primary strength-
ening phases at elevated temperatures are the DOo,
ordered 7” phase and the L;y ordered )’ phase.”?
The material exhibits structural stability over a
wide range of temperature. IN718 exhibits high
yield strength, good ductility, high creep resistance,
good fatigue strength and excellent weldability,'*
which makes it a suitable choice of material for gas
turbines and other aerospace applications.’*® The
alloy is predominantly used in compressors and

(Published online September 17, 2018)

turbines as discs and blades in land- and air-based
gas turbine engines. Inconel 718 accounts for almost
50% of the total tonnage of superalloys used
globally.®

Structural components subjected to dynamic load-
ing, wear, fretting and fatigue are highly sensitive to
the structure and properties of the surface. One of
the novel ways to enhance surface-dependent prop-
erties is by nano-structuring the surface layer with-
out changing its chemical composition,’ which can be
accomplished by generating a nano-structured sur-
face layer through surface mechanical attrition
treatment (SMAT).®? In this process, hardened steel
or ceramic balls bounce off a vibrating plate and
strike the surface of the sample in random directions.
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A wide range of microstructures, ranging from nano-
crystalline (near the surface, depths vary from ~ 20
um to ~ 100 um) to sub-micron and microcrystalline
with increasing distance from the surface, have been
reported in different materials subjected to SMAT.®*
The mechanism responsible for surface nano-crys-
tallization during SMAT is severe plastic deforma-
tion with high dislocation activity and/or
deformation twinning.”

The studies on IN718 have indicated that the
nano-structured surface enhances its tensile, fati-
gue and fretting wear properties.!®'2 However, a
high depth of influence (DOI) on surface treatment
is desirable. The usual processing route employed
for IN718 is a solution treatment followed by two-
step aging (720°C/650°C) to obtain y”’/y” precipitates.
Surface modification of IN718 in the a%ed condition
has been performed by shot peening,'® friction stir
processing’® and SMAT,'""!? when the material is at
its hardest and strongest form. This limits the
increase in the surface hardness and the depth of
the hardened surface layer (DOI) achieved. IN718 is
relatively soft in solution treated condition. Thus, it
would be better to perform surface treatment of
material in the solutionized condition followed by
precipitation aging. However, the strain induced
during the former step in the surface layer may
influence the precipitation behavior of the material.
The aim of the present study is to study and
contrast the precipitation in the surface-treated
layer and the bulk of solution-treated IN718. The
material has been subjected to surface modification
via the SMAT process after the solution treatment
stage, when the material is in its softest condition.
The obtained material has been subjected to two-
step aging treatment to promote the precipitation of
the strengthening phases 7y”/y” in the alloy.

EXPERIMENTAL
Material and Processes

Inconel 718 was received in overaged condition in
the form of a bar. The nominal composition of the bar
is given in Table I. Samples of dimension 25 mm x

25 mm x 1.4 mm were extracted from the bar and
were subjected to solution treatment at 1095°C for
2 h followed by water quenching in order to dissolve
all the precipitates into the matrix (henceforth, the
solution-treated condition will be referred to as
STQ). The STQ samples were metallographically
polished before subjecting them to SMAT, which was
performed using hardened steel balls (60 HRC) of
4.75 mm diameter at a vibrating frequency of 25 Hz
and oscillation amplitude of 7.4 mm.
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The SMAT process was carried out for two time
durations, namely, 30 min and 60 min, in order to
optimize the SMAT process. The 60 min of SMAT
was characterized by higher surface hardness com-
pared to the 30-min treated sample, hence the
former was chosen for further processing (hereafter
referred to as “STQ + SMAT”). The SMAT process
and the corresponding sample nomenclature is
pictorially depicted in Fig. 1a. To obtain a clear
overview of the process, the temperature—time
curve of the complete processing route adopted in
the present study is shown in Fig. 1b.

The post-SMAT sample was then subjected to
two-step aging in a vacuum with a heat treatment
cycle consisting of the first heat treatment at 720°C
for 8 h, followed by furnace-cooling at 55°C/h to
620°C, and the second heat treatment at 620°C for
8 h plus air-cooling (hereafter referred to as
STQ + SMAT + AGED).

Microstructural Characterization

For microstructural characterization, the samples
were sectioned along the transverse section. This
section was subjected to metallographic polishing
followed by etching in acetic glycergia (15 mL
HCI1 + 10 mL HNO3 + 10 mL acetic acid + 1 drop
glycerol) and examined under an optical microscope
(Carl Zeiss Axio Observer 5) as well as a scanning
electron microscope (FEI Sirion FE-SEM). The
cross-section of the STQ + SMAT + AGED sample
was electropolished before examination under SEM.
Finer microstructural details of the SMAT region
before (STQ + SMAT) and after (STQ + SMAT +
AGED) aging, and, the undeformed bulk region
(STQ + AGED) were investigated using transmis-
sion electron microscopy (TEM; TECNAI G2 F30).
In order to prepare samples for TEM, discs with
3 mm diameter were extracted from the appropriate
region. The discs were mechanically polished to
100 um followed by dimple grinding to create a
crater in the middle of the disc. For the STQ +
SMAT and STQ + SMAT + AGED samples, dim-
pling was carried out on the surface opposite to the
SMAT surface. The samples were then subjected to
precision ion milling (Gatan PIPS) to obtain an
electron transparent region for TEM examination.
For the STQ + AGED sample (without SMAT), discs
of 3 mm diameter were obtained by dimple grinding
followed by electropolishing in a solution consisting
of 10% perchloric acid and 90% methanol, cooled to
— 30°C using a twin jet electropolisher (FISHIONE,
Model 110) operated at 12 V and 20 mA. The as-

Table I. Chemical composition of Inconel 718 used in the present study

Element Ni Fe Cr Nb Mo

wt. % Balance 19.53 184 5.17 3.10

Al Mn Si C Cu S P

049 001 02 002 0.014 0.002 0.005
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Fig. 1. (a) Schematic of the SMAT process with corresponding sample nomenclature. (b) Temperature—time curve of the complete processing

route adopted.
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Fig. 2. (a) Schematic of the modified pin. (b) Wear test being carried out on the modified pin.

prepared foils were examined under TEM operating
at 300 kV.

Mechanical Testing

The relevant mechanical properties of the sam-
ples were determined by hardness and wear tests.
In order to determine the hardness, Vickers micro-
hardness was measured using a microhardness
testing machine (Future-Tech FV-810) at a load of
25 g with 10-s dwell time for the samples obtained
after different stages of processing. A rather low
load was selected for hardness measurement, in
order to limit the indented volume within the
SMAT-affected zone. To examine the wear proper-
ties of the materials, a ‘pin on disc’ wear test was
carried out on the SMAT surface as well as on the
undeformed surface of the aged samples (Fig. 2b).
Modified pins of 3 mm diameter were fabricated to
carry out the pin-on-disc wear tests by securing the
sample disc on a steel pin. The experimental
scheme is shown in Fig. 2a. For the wear test, an
alumina disc (hardness 1600 + 144 HV) was used
as the contact surface. The test was carried out

under a load of 7 N for a sliding distance of 54 m
with 0.1 m/s linear velocity between the pin and the
disc at room temperature in air. The low load (7 N)
was selected for the test so that less than 20 ym
thickness of material is removed from the surface
and the wear property of only the SMAT-affected
zone could be estimated (SMAT-deformed layer
thickness was about 30—40 um).

RESULTS

Microstructural Characterization
of the Materials

The SEM micrograph of the as-received IN718
(Fig. 3a) shows precipitates present in the
microstructure. The J precipitate revealed in Fig. 3a
are observed primarily at the grain boundaries. The
as-received IN718 was subjected to solution treat-
ment. The optical micrograph of the STQ sample
reveals the presence of equiaxed grains (Fig. 3b).
The 6 and primary y” precipitates along with the
carbide (MC) phase were not observed in the
microstructure of the starting STQ sample.
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Fig. 3. (a) SEM micrograph of the as-received IN718 displaying ¢ precipitates. (b) Optical micrograph of the STQ sample displaying a single

phase equiaxed microstructural feature.
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Fig. 4. Cross-sectional micrographs of STQ + AGED and STQ + SMAT + AGED samples. Both the representative regions are present in the
same sample. (a, b) Optical micrographs near the SMAT surface, (c) optical micrograph in the undeformed region (the side opposite to the SMAT

surface), and (d) SEM micrograph of the electropolished sample.

Therefore, an equiaxed, precipitate-free microstruc-
ture was used as the starting microstructure for
further processing.

The cross-sections of the STQ + AGED and STQ +
SMAT + AGED samples were also examined under
the optical microscope. The two representative
samples correspond to different regions in the same
sample (undeformed bulk and SMAT surface).
Intensive etch pits were revealed below the SMAT
surface (STQ + SMAT + AGED) to a depth of about
30—40 um (Fig. 4a and b). To ascertain that the etch
pits are not a byproduct of metallurgical polishing
near the surface, an optical micrograph for the

STQ + AGED sample was taken near the surface on
the opposite side of the sample (depicted in Fig. 4).
No etch pits were observed in the STQ + AGED
sample (Fig. 4c). This confirms that the pits were
not due to polishing issues at the surface (edge), but
were present due to the effect of SMAT. The high
defect density at the SMAT surface led to pitting of
the surface on etching. To avoid the pits, the cross-
section of STQ + SMAT + AGED was electropol-
ished and examined. The SEM image of the STQ +
SMAT + AGED sample (Fig. 4d) near the surface
revealed the presence of bands near the SMAT
surface to a depth of about 25-40 um. It was
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observed that the DOI (band thickness from sur-
face) was heterogeneous and varied within a grain
as well as between grains. It should be noted that
the ¢ precipitate and primary y” precipitate were
not observed in either of the samples.

Transmission Electron Microscope Investiga-
tions

Optical and SEM micrographs were not able to
provide and resolve the finer features in the
microstructure, which are expected in the material
subjected to the SMAT process. Hence, the materi-
als were further examined under TEM to study
finer microstructural features. STQ + SMAT,
STQ + AGED and STQ + SMAT + AGED samples
were investigated to obtain a complete understand-
ing of the microstructural evolution undergone at
various steps during the adopted processing route
and are discussed in the subsequent subsections.

ST + SMAT

The bright field TEM micrographs for the STQ +
SMAT sample are shown in Fig. 5a, b, ¢ and d.
Figure 5a reveals the presence of bands in the
SMAT layer which primarily consists of disloca-
tions. A few long elongated nanotwins are also
observed in the microstructure, indicated by arrows
in Fig. 5b. However, such twins are observed
sparsely spaced and twin bundles are not observed.
A closer look into the band reveals a region subdi-
vided into nanodomains (Fig. 5¢ and d). Nanotwin-
type features are present in some regions in bands,
as indicated by arrow in Fig. 5c. Moreover, the
bands mainly consist of strained regions due to
heavy dislocation activity. The [112] zone axis
diffraction pattern of the region in Fig. 5d is shown
as an inset. The diffraction pattern consists of
distinct individual diffraction spots along with very
weak twin spots. The ring-type pattern usually
observed in nano-crystalline material is not
observed. This indicates that, although nan-
odomains are present in the microstructure, the
misorientation across such region is limited and the
domains formed have similar orientation. It can be
said that complete nano-crystallization with ran-
dom orientation was not achieved after SMAT. The
weak intensity of twin spots indicates the low
volume fraction of nanotwins. No evidence of any
precipitates were observed which shows the absence
of stress-induced precipitate formation upon SMAT.

STQ + AGED

The bright field TEM micrograph and diffraction
pattern with the zone axis [110] for STQ + AGED
sample are shown in Fig. 6a and b, respectively.
Figure 6a reveals the presence of plate-like sec-
ondary 7" precipitates which are identified from
their shape and small size (a few nm). The spots for

the same are observed in the [110] zone axis
diffraction pattern of the same region, as indicated
by the arrow in Fig. 6b, which is in line with earlier
reports.’®'* The distinct diffraction spots corre-
sponding to the y matrix indicate the microcrys-
talline grain size.

STQ + SMAT + AGED

Figure 7a displays the bright field micrograph of
the STQ + SMAT + AGED sample and reveals the
nano-crystalline characteristics of the sample (indi-
cated by the arrow). The corresponding diffraction
pattern (inset in Fig. 7a) shows a ring pattern,
which is typical of a nano-crystalline material. The
dark field micrographs at different magnification
are shown in Fig. 7b, ¢ and d. The dark field
micrograph (Fig. 7b) clearly provides the evidence
of nano-crystalline grains. Moreover, it can be seen
in Fig. 7c that the microstructure of the STQ +
SMAT + AGED sample consists of nanodomains of
size 30-50 nm which are further divided by parallel
banded features of nanometer size (width ~ 5 nm),
as indicated by the arrow in the micrograph. This
gives an indication of nanotwins in the microstruc-
ture. The parallel nanometer-sized band-like fea-
tures are clearly discernible in Fig. 7d. Apart from
the nanotwins, equiaxed regions are also observed
in the microstructure of the STQ + SMAT + AGED
sample.

Mechanical Properties of the As-Processed
Samples

Microhardness measurements were carried out to
study the effect of processing route on the mechan-
ical properties. The hardness of the STQ sample was
obtained to be 295 4+ 6 HV, while that of the
STQ + SMAT sample was 350 £ 5 HV. Thus, the
hardness of the solution-treated sample increased
by ~ 19% as a result of the surface modification of
via SMAT. After aging, the hardness of the STQ +
AGED sample (bulk) increased to 375 + 30 HV and
that of the STQ + SMAT + AGED sample increased
to 530 + 20 HV. Thus, SMAT has been found to be
beneficial in improving the overall mechanical
property, resulting in a ~ 41% increase in hardness.
The increased surface hardness of the STQ +
SMAT + AGED sample is expected to significantly
improve the wear properties.

The wear test was primarily carried out to
quantify the improvement in wear resistance of
the material after aging. The results of the wear test
for the STQ + AGED and STQ + SMAT + AGED
samples are listed in Table II. An enhancement of
wear resistance by ~ 131% is observed for the
STQ + SMAT + AGED-processed sample when
compared to the STQ + AGED sample. The
enhancement in wear resistance is attributed to

the presence of nanostructures on the surface of the
STQ + SMAT + AGED sample.
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inset.

DISCUSSION

The processing route employed in the present
study (solution treatment + SMAT + aging) yielded
a better surface hardness and wear resistance in the
material. Improvement in both the mechanical
properties could be attributed to the presence of
surface nanostructures with nanotwins as a result
of the severe plastic deformation imparted by SMAT
on the surface layer. A subsequent two-step heat
treatment (720°C/8 h + 620°C/8 h) further led to
the enhancement in the properties. The findings of
the present study in terms of the mechanisms
leading to the evolution of microstructures during
various steps of processing is further discussed.

Microstructural Evolution During SMAT

Bands along with nanodomains and nanotwins
are observed after SMAT in the STQ + SMAT
sample. Nano-crystallization of the surface via
SMAT is reported to occur through many ways. In
Fe,'® the transformation takes place via the devel-
opment of dense dislocation walls and dislocation
tangles into sub-boundaries which eventuallg trans-
form into high-angle boundaries. In Cu,'® nano-
crystallization occurs via transformation of disloca-
tion cells into high-angle boundaries at the subsur-
face, while in AISI 304 stainless steel low SFE), it is
reported to take place via the formation and inter-
section of planar dislocation arrays with twins and
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Fig. 6. (a) Bright field TEM micrograph and (b) diffraction pattern along the zone axis [110] for the STQ + AGED sample.

twin—twin interactions.'” Moreover, the governing
mechanism also varies with the depth from the
SMAT surface.'® IN718 has a stacking fault energy
(SFE)'® of 50 mJ/m?. Tao et al.*® reported that grain
subdivision in IN600 (SFEZ° ~ 28 mJ/m?) occurs via
interaction of mechanical microtwins with disloca-
tions. The SFE of IN718 is higher than this value,
but it can still be categorized as a low SFE material.
The presence of dislocation bands along with a few
elongated nanotwins and the few nanotwin-type
features within the bands in the microstructure of
the STQ + SMAT sample (Fig. 5) indicates multiple
mechanisms, comprising dislocation activity and
twin activity, to be active, which results in the
formation of nanodomains. This proceeds via the
interaction of dislocation arrays with twins and
twin—-twin interactions. The present microstruc-
tural findings are in partial agreement with an
earlier study on the surface modification of IN718,
where the formation of nanometer-sized grains was
reported, which did not contain nanotwins. More-
over, it should be noted that, in the present study,
the diffraction pattern of the region within bands
shows individual spots. Thus, it can be said that the
nanodomains formed do not have random orienta-
tions in the true sense and that the process of nano-
crystallization is not complete in the heavily
strained SMAT layer.

Microstructural Evolution in SMAT Layer
on Aging

The microstructure of the STQ + SMAT + AGED
sample (Fig. 7) has distinct nanograins (~ 30—
50 nm) with nanotwins (~ 5 nm width) and no
evidence of any precipitates. The microstructure
after aging (Fig. 7) has considerably transformed
after aging treatment from that of SMAT (Fig. 5),
which is evident from their corresponding

microstructures and diffraction patterns. The evo-
lution of microstructure from SMAT upon aging is
attributed to the onset of recovery and recrystal-
lization during the aging treatment. The strained
bands along with nanotwins present in the SMAT
microstructure act as potential sites for recrystal-
lization nuclei formation and, thus, aids in the
recrystallization process. Nevertheless, the grain
size after aging is still in the nanometer scale. This
indicates that grain growth was minimal during the
aging process. This was expected as the tempera-
ture range adopted during the aging (720°C/
8 h + 620°C/8 h) is around 7/T,, ~ 0.5-0.6. The
temperature is high enough to promote the forma-
tion of recrystallized nuclei in the heavily strained
SMAT layer. However, the grain growth of the
nuclei is limited in this temperature range. This is
due to the fact that the grain boundary mobility is
lower at lower T/T,, and increases with an increase
in T/T,,. The local recrystallization process results
in the formation of nanograins with high-angle
grain boundaries. This transformation in the
microstructure upon aging results in an increase
in hardness from 350 HV (for STQ + SMAT) to 530
HV (for STQ + SMAT + AGED) in T/T,, SMAT
layer.

Difference in the Precipitation Behavior
of STQ and STQ + SMAT Region on Aging

No evidence of precipitation was observed in the
STQ + SMAT + AGED sample after aging. In con-
trast, the STQ + AGED sample consists of a micro-
crystalline y matrix containing y” precipitates. The
difference in the precipitation behavior of the
STQ + AGED and STQ + SMAT + AGED samples
during the two-step aging can be comprehended by
understanding the precipitation behavior of IN718
in general. The needle-like and globular ¢
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Fig. 7. TEM micrographs of the STQ + SMAT + AGED sample. (a) bright field and, (b—d) dark field TEM micrographs at different magnifications.

Inset in (a) shows the corresponding diffraction pattern.

Table II. Results of wear test

Wear parameters

STQ + AGED

STQ + SMAT + AGED

Change in mass after tests (Am)
Volumetric loss (AV)

Wear rate (W)

Specific wear rate (W)

Wear resistance (W,)

0.0010 g
1.216 x 10! mm?®
2.085 x 1072 mm®m
2.979 x 10~* mm®Nm
479.61 m/mm?

0.0004 g
4.866 x 1072 mm®
9.011 x 10~* mm®m
1.287 x 107* mm®Nm
1109.75 m/mm?

precipitates (~ 1 um) are observed primarily at
grain boundaries, when the solutionized IN718 is
heat-treated at 870°C.%2! The formation of plate-like
coarse lenticular primary y” precipitates (~ 0.3 um)
has been reported in the the matrix and at grain
boundaries, on aging at 870 °C. In contrast, sec-
ondary y” precipitates form at 760°C and are
lenticular in shape (10-40 nm),?! whereas the )’

precipitates are favored at 760°C and 650°C. These
precipitates are globular/cuboidal in shape (10—
40 nm).?! The morphology of the )’ precipitate is
attributed to the cube-to-cube orientation relation-
ship with the y matrix.?? It should be noted that 7’
precipitates, as small as 56 nm, have also been
observed.?> Moreover, at 680°C, j’ precipitation
precedes secondary 7” precipitation.”® At 860°C,
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cold working promotes the precipitation of the ¢
phase and has an inverse effect on y””.2* On two-step
aging of cold-worked (up to 50%) IN718,%° the
precipitation kinetics (growth) of y” is reduced and
it loses coherence with the matrix, resulting in
modification of the shape of the precipitate. In
contrast, Cai et al.?® reported an accelerated }”
precipitation kinetics in the initial stages of the two-
step aging process in the shot-peened IN718. Song
et al.”® reported accelerated formation of the
precipitate on two-step aging after friction stir
processing. In the present study, the 6 precipitate
were not observed in either the STQ + AGED or the
STQ + SMAT + AGED samples, as the two-step
aging process adopted did not favor its precipitation.
In the bulk STQ + AGED sample, which was aged
from the solution-treated condition, secondary 7"
precipitates were observed, as seen from the TEM
micrograph and diffraction pattern (Fig. 6). In
contrast, precipitates were not observed in the
TEM micrographs of the STQ + SMAT + AGED
sample (Fig. 7). The microstructure of the STQ +
SMAT + AGED sample shows nanograins with
nanotwins (~ 5 nm). The limiting size of the grains
is expected to inhibit the precipitation of large plate-
like primary y” precipitates. Moreover, the changing
orientation of the grains of the y matrix (nanograins
with nanotwins) over small distancse (~ 5 nm) is
likely to hinder the growth of the precipitates as a
result of the loss of coherency of the precipitate. As
coherency with the y matrix is one of the prime
reasons for the stabilization of the metastable y”
precipitate, the circumstances in the nanograins are
not favorable for }y” precipitation. However, as
reported earlier,”® there is a possibility for the
formation of )" precipitates with globular shape
which are smaller in size (a few nm). Some globular
regions of nanoscale were observed in the STQ +
SMAT + AGED sample (Fig. 7d). Nevertheless, the
presence of )" precipitates in the STQ + SMAT +
AGED sample could not be confirmed in the
present study, as deduced from the diffraction
pattern. Further EDS investigation of the
microstructure of the STQ + SMAT + AGED sam-
ple could help in resolving the issue and will be
carried out in future.

CONCLUSION

The processing route often chosen in previous
studies in the literature follow the sequence solution
treatment—aging—surface = deformation  tech-
nique—annealing. In the present study, the pro-
cessing route has been modified to reduce the
number of steps and to increase the positive impact
of surface modification on material properties. The
material is subjected to surface mechanical attrition
treatment (SMAT) after solution treatment, fol-
lowed by a two-step aging treatment which pro-
motes precipitation of y”/y" in the alloy. The

microstructure of the bulk aged material consists
of microcrystalline grains with y”” precipitates, while
that of the surface layer consists of nanograins with
nanotwins. However, the y”/y” precipitates were not
observed in the surface-treated layer. The process-
ing route chosen has resulted in an increased
surface hardness and wear resistance of the mate-
rial, which is attributed to the surface nanostruc-
ture with nanotwins. The absence of precipitation in
the surface layer is attributed to the limiting size of
the surface nanograins (size ~ 5 nm) which are
likely to hinder the growth of precipitates.
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