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Characterization of sputtered Inconel 617

Part 1 Coatings in plan section
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Inconel 617 coatings 10 to 13 um thick were r.f. magnetron sputtered on to commercially
pure a-titanium substrates without external bias or heat and examined in the as-deposited
condition by scanning electron microscopy (SEM), analytical transmission electron micro-
scopy (TEM) and X-ray diffraction (XRD). The surface finish of coatings was smooth with
few nodular growth defects, while bend tests showed the coatings failed in a ductile manner.
TEM showed that Inconel 617 coatings consisted of an fc ¢ solid solution with an average
lattice parameter of 0.366 nm. The through-thickness microstructure contained equiaxed grains
with an average diameter of 50 nm, while XRD showed the coatings had a (11 1) orientation
with respect to the substrate. Coatings contained a large amount of interfacial area, and had
an average Knoop microhardness of 503 kg mm™.

1. Introduction

Inconel 617 (UNS NO0617) is a nickel-based
superalloy used in high-temperature environments
(~ 1000°C) due to its excellent mechanical stability
and oxidation and corrosion resistance. Primary
industrial applications are in the aerospace and chemi-
cal industries, and fossil and nuclear power generation
[1]. This alloy is a face-centred cubic (fcc) solid solu-
tion of nickel (52wt %), chromium (22 wt %), cobalt
(12wt %), and molybdenum (9wt%), with small
amounts (< 1.5wt % each) of iron, silicon, titanium
and aluminium. The nominal chemical composition is
given in Table L.

Studies of the microstructure and phase stability of
bulk Inconel 617 have been reported previously [2, 3],
but are summarized here to provide a background for
the discussion of sputtered Inconel 617 coatings.
The as-received microstructure of solution-annealed
Inconel 617 consists of large equiaxed y grains, ASTM
5 (65um average diameter) or coarser, with grain
boundary M,;C, (M = Cr, Mo) and intragranular
MC carbides (M = Ti). Bulk Inconel 617 is not y’
strengthened in the solution-annealed condition, but
will undergo slight strengthening after lengthy expo-
sure to temperatures above 650° C, primarily due to
extensive precipitation of intragranular M,;Cq
(M = Cr + Mo)[2]. A more recent study has shown
that eta-carbide, M,C (M = Mo, Ni, Si), is precipi-
tated primarily upon pre-existing M,;C, after heat
treatment at 800° C [3]. No topologically close packed
(tcp) phases such as a, y, or g have been identified
[2, 3). Photomicrographs representative of the micro-
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TABLE I Nominal chemical composition (wt%) of Inconel
617 [1]

Ni Cr Co Mo Fe Al

520 220 125 9.0

Mn Si Ti Cu C S

1.5 12 65 05 63 02 007 0.008

structure of this alloy before and after heat treatment
are shown in Figs la to d.

The present study is part of an investigation of the
microstructure and phase stability of both as-received
bulk and sputtered Inconel 617, in which the latter was
characterized for potential use as an oxidation, cor-
rosion, or erosion resistant coating [4]. The reader is
referred to the literature for examples of the applica-
tion of coatings in gas turbine engines [5]. The phase
stability of sputtered Inconel 617 coatings will be
published separately [6].

2. Experimental procedure

2.1. Substrate material and preparation
Inconel 617 coatings were deposited on to commerci-
ally pure a-titanium sheet (ASTM B265079 Grade 1).
This substrate material contains equiaxed grains 10 to
20 ym in diameter and fine titanium hydride needles,
as shown in Figs 2a and b, respectively. Its chemical
composition is listed in Table II. Inconel 617 was

TABLE II Nominal chemical composition wt % of a-titanium

14]
Ti Fe o) C N H
99.50 0.20 0.18 0.08 0.03

0.015
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Figure 1 (a) Scanning electron micrograph of cold-rolled and solution-annealed Inconel 617 in the as-received condition showing grain
boundary and intragranular carbide (arrows). Etched in glyceregia. (b) Dislocations in the y phase of as-received Inconel 617. (c)
Intragranular M,; C, nucleated upon slip lines and dislocations after heat treatment at 800° C for 200 h. (d) M, C nucleated on grain boundary
M,,C, (arrows). Note the extensive precipitation of intragranular M,,C,.

deposited on to ground (30 um SiC) titanium sheet
0.5mm thick for evaluation of coating defects,
adherence, and ductility by SEM. Coatings were also
deposited on to metallographically polished titanium
discs, 3mm in diameter and about 100 um thick, for
TEM studies. All substrates were ultrasonically
cleaned for S5min each in trichloroethane, acetone,
and ethanol, immediately inserted into the sputtering
unit, and a vacuum of better than 3 x 10~%torr was
achieved.

2.2. Sputtering

Sputtering was performed in a Materials Research
Corporation model 8667 + 2M 1.5kW radio fre-
quency (13.56 MHz) sputtering unit. The vacuum
chamber was silicone oil diffusion pumped and
equipped with a liquid nitrogen cold trap. Cold-rolled
and solution-annealed Inconel 617 plate 0.64 cm thick
was machined into a circular disc 14.6cm diameter
and bonded to a water-cooled OFHC copper mag-
netron backing plate using conducting silver-filled

Figure 2 (a) Scanning electron micrograph of commercially pure a-titanium showing small equiaxed grains, twins, and titanium hydride
precipitates (Etched in Kroll’s solution). (b) Transmission electron micrograph of titanium hydride needles (arrows).



epoxy cement. Ultra-high purity (UHP) argon
(99.999%) was used for sputter-cleaning, target pre-
sputtering, and deposition of Inconel 617 coatings.
The substrates and vacuum chamber walls were
sputter-cleaned for 10 min in argon using a forward
r.f. of 1000 W and a working gas pressure of 15 mtorr
at a volumetric flow rate of 19.20 cm’sec™'. Substrates
were shielded from the target which was then sputter-
cleaned for 10 min at 1000 W forward r.f. and 2 mtorr
argon at 19.20cm’sec™'. The optimum sputtering
conditions were found to be a forward r.f. of 1000 W
and an argon gas pressure of 2mtorr at 19.20 ¢cm’
sec”', resulting in an average deposition rate of
180 nmmin~' (0.18 ummin~') as determined by step
profilometry. These conditions produced an average
power density of 6 Wem™, 440V across the elec-
trodes, 2.27 A discharge current, and 13.5mAcm 2
discharge current density. Coatings 10 to 13 um thick
(depending upon location below the target) were
deposited in 75 min.

The substrates were not externally biased during
deposition, and are therefore assumed to have been at
ground potential during sputtering. Samples were
placed upon a water-cooled platform and were not
externally heated. A thermocouple in contact with the
water-cooled platform and placed adjacent to the
substrates during sputtering recorded a maximum
temperature of 320° C, resulting in a homologous tem-
perature of T/T, = 0.36. Substrates were cooled
under vacuum for a minimum of 2 h after sputtering.
Numerous depositions and subsequent microstruc-
tural analyses showed that the above parameters
resulted in reproducible and high-quality adherent
coatings up to 34 um thick.

2.3. Electron microscopy

Scanning electron microscopy was performed in an
AMR 1000A SEM at 20keV. Analytical electron
microscopy was performed using a Philips 420T scan-
ning transmission e¢lectron microscope (STEM) at
120keV, and equipped with a LaB, electron gun,
EDAX System 9100/60 energy dispersive X-ray spec-
trometer (beryllium window), and a Gatan Model 607
electron energy loss spectrometer (EELS). The micro-
scope was operated in TEM mode and aligned prior to
each use to ensure reproducible conditions for magni-
fication, diffraction camera length, and energy disper-
sive microanalysis.

The lattice parameter of sputtered coatings was
determined by averaging the d-spacings of rings and
spots from selected-area and convergent-beam elec-
tron diffraction patterns, respectively. Phase com-
positions were determined by quantitative energy
dispersive spectroscopy (EDS) of Kux lines using
EDAX LIST halographic background stripping pro-
gram and EDAX THIN software package employing
the ratio method of analysis [7]. A minimum of 5000
counts full-scale at a count rate of < 2500 counts/sec
was used for all energy dispersive spectra analysed
quantitively. The elements of interest were “win-
dowed” with an integrated intensity equal to 1.2
FWHM, and machine-generated k-values were used.

The microstructure of Inconel 617 coatings was

examined through-thickness by dimpling the un-
coated side of 3mm titanium discs with a series of
alumina slurries using a VCR Group Model D500
dimpler. Dimpling was stopped at the onset of per-
foration, at which time a hole about 0.5 mm diameter
was produced in the coating. Samples were then argon
ion milled without external cooling in a Gatan Model
600 twin gun ion mill to produce electron-transparent
regions. The ion-milling conditions employed were a
10° gun angle, 5kV gun voltage, 0.75mA gun current,
and 30 to 40 pA specimen current for 30 to 60 min.
This method reveals a microstructure representative
of that about | um below the surface of the coating.

EELS was used to determine the presence of argon,
carbon, nitrogen and oxygen in sputtered coatings.
However, samples were prepared by methods different
from that given above (i.c. jet polishing) in order to
eliminate artefacts such as argon from ion milling.
Coatings 10 to 13 um thick were peeled from 23 ym
thick molybdenum foil substrates, mechanically
punched into 3mm discs, and jet polished using a
Struers Tenupol-2 twin jet electropolishing unit. A
solution of 25% nitric acid (HNO;) in methanol was
used as the electrolyte and maintained at —30°C
using Klein-Kryomat refrigeration system. Typical
electropolishing conditions were 6 V and a current of
80mA for 20 to 30sec. These coatings were found to
contain the same microstructure as that deposited on
to titanium substrates.

3. Results and discussion
3.1. SEM of as-sputtered Inconel 617
coatings
Coatings on ground substrates were smoother than
the surface finish of the initial substrate as determined
by step profilometry. This is in contrast to most
studies where the coating was found to faithfully repli-
cate or even amplify surface irregularities in the
absence of external bias and at low T/T, [8, 9]
Nodular growth defects were occasionally observed
on both ground and polished substrates, Figs 3a and
b, but were generally rare in both cases. This is in
contrast to studies showing that the formation of
nodular growth defects is strongly dependent on sur-
face finish [9]. Most growth nodules found in this
study are attributed to embedded SiC and Al,O,
grinding and polishing abrasives, respectively, and
other foreign debris on the substrate. The low number
of defects and smooth surface finish are evidence of
high adatom mobility, indicating the microstructure
may be more indicative of a Zone 2 structure due to
higher-than-measured substrate surface temperature
and increased substrate bombardment [8, 9]. The den-
sity of coatings applied to polished titanium substrates
was found to be the same as that of bulk Inconel 617
(8.36 gcm ™).

The fracture morphology of coatings applied to
0.5mm thick ground titanium substrates as deter-
mined by 180° bend tests showed that fracture did not
initiate until samples were bent to an angle greater
than 45°, and that coatings failed in a tortuous man-
ner (Fig. 4a). Small dimples 0.2 to 0.5 um diameter
were indicative of ductile failure (Fig. 4b). Coatings
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Figure 3 (2) Scanning electron micrograph of a nodular growth defect in sputtered Inconel 617 deposited on to ground «-titanium. Note that
the coating has fractured around the growth defect in this bend test sample. (b) Scanning electron micrograph of a nodular growth defect
in sputtered Inconel 617 deposited on to polished a-titanium. Note the smooth surface finish around the nodule.

were therefore strongly adherent to titanium sub-
strates. However, fracture morphology is substrate-
dependent. Much of the previous work determining
the coating morphology has been on coatings applied
to brittle substrates, which tend to show features
more characteristic of microstructures as depicted
in the Thornton Structural Zone Model [10]. Inconel
617 coatings deposited on glass and sapphire sub-
strates showed a similar dependence; i.e. the coat-
ings exhibited a columnar fracture morphology
corresponding to both low T/T, and working gas
pressure.

The average Knoop microhardness of coatings
deposited on to polished ¢-titanium substrates was
503kgmm ™ (100g load). This corresponds to a
Rockwell C hardness of approximately R 40 [11], as
opposed to an average Rockwell B hardness of the
as-received Inconel 617 sputtering target of Ry 88, and
is indicative of a fine grain size in the coating. X-ray
diffraction of the coating showed only one peak at
20 = 43.9° (Fig. 5), which corresponds to a d-spacing
of 0.205nm and indicates only (111) planes lying
parallel to the substrate. This is consistent with other
studies of copper and nickel coatings, in which the
most dense crystal planes lie parallel to the substrate
surface [12-14].

3.2. TEM of as-sputtered Inconel 617
coatings
TEM of the near-surface microstructure showed that
the coatings were a solid solution with equiaxed y
grains ranging in size from 20 to 50nm diameter
(Fig. 6a). Grain boundaries are not clearly distin-
guishable due to high strain contrast and overlapping
grains. A few grains as large as 150 nm in diameter
were also found. In addition, the coating contained
clusters of fine twins and stacking faults perpendicular
to the substrate, Fig. 6b. Through-focus imaging did
not reveal the presence of voids in the coating. This
microstructure is similar to both sputtered nickel and
copper [12, 13].

Quantitative stereological analysis of the micro-
structure using both area and intercept methods
showed that there was an average of about 320 grains/
pum® (3.2 x 10° grains/mm?) with diameters of 40 to
60nm. The grain-boundary density was calculated
using the relationship:

S, = 2PM (1)

where S, is the average grain boundary area per unit
volume (cm?cm ), P; is the average number of grain
boundaries intercepted by a randomly placed straight
line of known length, and M is the magnification of

Figure 4 (a) Scanning electron micrograph showing the fracture morphology of as-sputtered Inconel 617 on ground e-titanium. (b) Scanning

electron micrograph of ductile dimples in a bend test sample.
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Figure 5 X-ray diffraction pattern of Inconel 617 sputtered
on to ground a-titanium showing only [11 1] planes paral-
lel to the substrate.
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the micrograph [15]. The total average interfacial area
was found to be 3.6 x 10°cm’*cm . If the width of
the interfacial region is about 2nm and the average
grain size is 50 nm, then the volume fraction of grain-
boundary material is about 15%. This is in contrast to
conventional single-phase polycrystalline metals in
which the volume fraction of interfacial material is
only about 0.05% [16]. The significance of this with
regards to the phase stability of this coating will be
discussed in a separate publication [6].

A preliminary study indicated that the crystal struc-
ture of sputtered Inconel 617 was body-centred cubic
[17]. The present, more detailed TEM investigation,
however, shows that the structure is instead face-
centred cubic with an average lattice parameter of
0.366 nm. Typical selected-area (SADP) and conver-
gent-beam electron diffraction (CBED) patterns of the
coating are shown in Figs 6¢c and d. The average lattice
parameter of bulk solution annealed Inconel 617 is
0.362 nm; a difference of about 1% [3]. The continuous

Figure 6 (a) Through-thickness transmission electron micrograph of as-sputtered Inconel 617 deposited on to polished a-titanium. Grains
and grain boundaries are difficult to resolve due to the large amount of strain contrast. (b) Through thickness transmission electron
micrograph showing clusters of twins and stacking faults perpendicular to the substrate (arrowed). (c) 2 um SADP of as-sputtered Inconel
617. Note the diffuse fcc [111] and [200] rings, and [220] preferred orientation. (d) CBED of as-sputtered Inconel 617 showing the fcc
[0 11] zone axis. (e) [111] + [200] dark-field transmission electron micrograph of as-sputtered Inconel 617. (f) [220] dark-field TEM of
as-sputtered Inconel 617. A [220] preferred orientation is apparent compared to (e).
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Figure 6 Continued

rings in Fig. 6c are indicative of a large num-
ber of grains contributing to the 2 um selected-area
diffraction pattern. A (220) preferred orientation is
apparent in the SADP (Fig. 6¢). Further, the (111)
and (2 00) reflections are thickened and poorly defined
due to the lack of (200) crystal orientations and the
large amount of strain on (111) extrinsic stacking
faults and twin planes, apparently resulting in incon-
~sistent d-spacings. Higher order reflections (i.e. (400),
(333), etc.) appear to be missing, but instead are
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Figure 7 EDAX spectrum of as-sputtered Inconel 617.
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Figure 8 EELS spectrum showing the zero and plasmon electron
loss features, and the location of ArL,;, CK, NK, and OX edges.

The carbon signal is commensurate with that expected from sputter-
ing carbides in the target.
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simply faint. Dark-field imaging of (111) + (200)
reflections (combined) and (220) reflections (alone)
provided further evidence of (2 2 0) texture (Figs 6e, f).

Quantitative EDS showed the four primary alloying
elements in the y-phase to be 54.8wt % Ni, 24.5wt %
Cr, 129wt % Co, and 7.8 wt % Mo. A small amount
(~1wt% each) of iron, aluminium, silicon and ti-
tanium was also detected (Fig. 7). This composition
differs slightly from that given by the supplier of the
sputtering target used in this study (Table I), and is
probably the result of overlapping Kf lines, non-
quantitative analysis of minor alloying elements,
normal variations in alloy composition, and perhaps
uncorrected ZAF.

Inconel 617 coatings were analysed for the presence
of entrapped argon, carbon, oxygen, and nitrogen by
EELS using jet-polished samples. The resultant energy
loss spectrum is shown in Fig. 8. The magnitude of
the CK edge is consistent with that expected in as-
sputtered Inconel 617 coatings due to sputtering of
refractory metal carbides (i.e. M,;C, and MC) in the
target. No electron energy loss features indicative
of the presence of argon, oxygen or nitrogen were
detected.

4. Conclusion

Inconel 617 coatings 10 to 13 um thick were r.f. mag-
netron sputtered in argon on to commercially pure
o-titanium substrates without external bias or heat.
Coatings were adherent, smooth, and mostly free of
nodular growth defects. Bend tests produced dimples
on coating fracture surfaces and are indicative of
ductile failure. Coatings were an fcc solid solution
with an average lattice parameter of 0.366 nm, com-
pared to 0.362 nm for bulk solution-annealed Inconel
617. The through-thickness microstructure consisted
of equiaxed y grains an average of 50 nm diameter,
resulting in a grain-boundary density of approxi-

mately 3.6 x 10°cm’cm 3,
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